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I.     Introduction 

1.  Preliminary  Statement. — The  coal  shortage  during  the  win- 
ter of  1917-18,  and  the  resulting  inconvenience,  suffering,  and 
industrial  loss  have  emphasized  both  the  importance  and  the  com- 
plexity of  the  problem  of  guarding  against  a  recurrence  of  the  situa- 
tion. The  problem  is  one  which  concerns  not  only  the  Federal  Fuel 
Administration  and  the  State  Councils  of  Defense,  but  the  individual 
industry  and  even  the  individual  household.  It  is  generally  recog- 
nized that  perhaps  the  most  important  factor  contributing  to  the 
shortage  of  fuel  has  been  the  inability  of  the  transportation  system 
to  handle  the  heavy  winter  fuel  tonnage  in  addition  to  the  abnormally 
large  tonnage  from  other  sources.  It  is  evident,  therefore,  that  if 
Large  quantities  of  coal  can  be  stored  at  or  near  the  point  of  use 
during  those  seasons  when  consumption  is  lightest  and  when  the 
railroads  are  best  able  to  handle  the  traffic,  an  important  step  wall 
have  been  taken  in  the  solution  of  the  problem. 

It  is  the  purpose  of  this  circular  to  present  a  review  of  modern 
practice  governing  the  storage  of  coal  and  a  statement  of  the  facts 
which  have  developed  in  the  experience  of  those  who  have  success- 
fully or  otherwise  undertaken  to  store  coal.  The  discussion  is  confined 
Largely  to  bituminous  coal  which  has  given  so  much  trouble  owing 
to  its  tendency  toward  spontaneous  combustion  while  stored,  and  to 
storage  systems  and  mechanical  devic 

The  storage  of  coal  should  be  regarded  not  merely  as  a  war  meas- 
ure, but  as  part  of  the  solution  of  the  general  coal  problem.  Storage 
of  coal  will  do  much  to  help  in  stabilizing  an  industry  of  fundamental 
importance  by  permitting  mining  operations  to  proceed  throughout 
the  year  at  a  fairly  uniform  rate,  and  it  will  serve  in  a  Large  measure 
as  insurance  against  the  losses  accompanying  a  shortage  to  the  fuel 
consuming  industries. 

At  the  present  time  Large  quantities  of  coal  are  stored  by  dis- 
tributing companies  on  the  Greal  Lakes  and  along  the  seaboard; 
fairly  Large  quantities  by  coke,  steel,  gas,  and  power  plants,  by  a 
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,  wholesalers  situated  at  a  distance  from  the  coal  fields,  and  by 
many  railroads;  smaller  quantities  by  small  power  plants  and  a  few 
mining  companies;  and  still  smaller  quantities  by  the  ordinary  house- 

• 
Interest   in  the  subject   of  coal  storage  is  rapidly  increasing,  a 

it  which  i>  shown  by  the  large  number  of  letters  received  by  the 

Department  of  Mining  Engineering  and  the  Engineering  Experiment 

♦ion  of  the  University  of  Illinois,  and  the  amount  of  coal  stored 

will  no  doubt  increase  as  the  feasibility  and  advantages  of  storage 

ime  more  fully  understood. 

The  data  presented  have  been  compiled  from  the  record  of  cor- 

spondence  and  interviews  with  a  large  number  of  persons  in  charge 

yards,  with  the  manufacturers  of  storage  machinery,  and 

with  the  officials  of  various  coal  associations.    Visits  have  been  made 

a  number  of  plants  in  Illinois  and  the  adjoining  states,  and  the 

literature  of  the  subject  has  been  freely  consulted.     It  has  thus  been 

ssible  to  compile  within  a  comparatively  short  period  the  results 

perience  of  those  who  have  been  storing  coal.     In  order  to 

-   many  different    sources  of  information  as  possible  a  qnes- 

nnaire  was  prepared  and  sent  to  about  175  individuals  and  cor- 

j  of  industries  were  selected  in  order  that  as  many 

at  j.oin?^  of  view  as  possible  might  be  presented.    These  groups 

ludf-d  the  zinc  smelting  companies  in  Illinois,  the  steel  companies 

by-product  coke  companies  of  Illinois,  Indiana,  Wisconsin, 

ssouri,  large  public  service  corporations,  many  of  the  steam 

trie   railroads,    representative   wholesale   and   retail   dealers 

by  I.  I,.  Runyan,  Secretary  of  the  Illinois  and  AVisconsin 

on,   the   secretaries  of  all   the  coal   operators' 

in   the    United   States,   the  dock   owners  about  the  Great 

manufacturers,  and  other  users  of  coal.    The  fire  depart- 

e  oumber  of  cities  were  also  consulted.     The  careful 

it  ion  given  to  the  requests  for  information  indicated 

in  the  subject,  and  the  responses  were  most 

[ 

iiderations   connected    with    the   spontaneous 

and  the  other  phenomena  incident  to  coal  storage 

W.  Parr,  II.  C.  Porter,  F.  K.  Ovitz,  and 

•'•  ,;     '  f  milch  experimental  work  by  these  and 
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other  investigators  are  contained  in  the  publications  of  the  Engim 
ing  Experiment  station  of  the  University  of  Illinois,  the  U.  S.  Bun 

Mines,  and  the  Canadian  Department  of  Mines.  There  i^>  pre- 
sented here  only  such  a  summary  of  th  3  is  necessary  for 

msrderation  of  the  engineering  features  of  coal  storaj 
The  International  Railway   Fuel  Association  as  the  resull  of  a 
paper  on  coal  storage  by  its  former  secretary,  C.  G.  Hall,*  lias  car- 
ried on  a  most  valuable  work  through  its  Committees  on  Coal  Stor 
and  Fuel  Stations.    The  Committee  on  Prime  Movers  of  the  National 

itric  Light  Association  also  presented  a  useful  report,i  in  1917, 
on  the  subjecl  of  coal  - 

This  circular  repn  merely  a   report  of  pn  in  an  in- 

tigation  which  it  is  hoped  will  be  continued.  Its  purpose  is  to 
bring  to  the  attention  of  those  who  are  considering  the  advisability 
and  possibility  of  insuring  themselv<  arular  fuel  supply  as  much 

in  the  way  of  useful  and  helpful  suggestions  as  possible.     Additional 
data  or  stions   from  those   into   whose  hands  the  circular  may 

fall  will  ho  welcomed  by  the  author. 

l\     Acknowledgments.  —  Grateful    acknowledgment    is    made    of 
help  accorded  by  Profi  3.  W.  Parr,  Professor  of  Applied  Chem- 

istry, University  of  Illinois,  and  Professob  B.  A.  Bolbrook,  Su] 
\- i s i i ] «_!■  Mining   Engineer,  Metallurgist   and  Superintendent   of  I  .   8 
Bureau  of  Mines,  CJrbana,  Illinois,  and  formerly  Professor  of  Mineral 
Preparation  and  Utilization  at  the  University  of  Illinois,  who  have 
cooperated   most    heartily   and   have   contributed   data    gathered    in 
connection  with  their  own  investigations  of  the  subject. 

Wherever  it  has  been  possible,  full  credit  ha-  been  given  for 
definite  data  used  and  for  direct  quotations  from  other  publications, 
hoi  it  has  been  impossible  to  do  so  in  all  cases,  and  many  of  the 
opinions  expressed  ami  the  suggestions  made  represent  composite 
1  upon  a  large  amount  of  correspondence  ami  much  read- 
ing. 

I  I   upon   the   facts  ami   in- 

formation hereinafter  presented  certain  definite  statements  are  ji 

arding  the  reasons  for  storing  coal,  the  kinds  ami  si  <>al 

to  I  ed,  the  methods  of  piling,  and  other  factors  entering  into 
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the  problem  of  successful  coal  storage.     These  represent  very  largely 
si    of  opinions  expressed  by  many  persons  who  have  had  ex- 
perience in  storing  eoal  and,  it  is  believed,  constitute  a  comprehensive 
foment   ol'  the   present  knowledge  of  safe  coal  storage   practice. 
These  conclusions  are  presented  as  follows : 

1      It    is   practical  and  advantageous  to  store  coal  not  only  dur- 
ing war  times  but  also  under  normal  conditions,  at  the  mine,  near  the 
point  at  which  it  is  to  be  used,  or  at  some  intermediate  point.     If 
ssible,  it  should  be  stored  near  the  point  of  consumption  to  avoid 
renandling  and  the  resultant  breakage. 
The  reasons  for  storing  coal  are: 

(a)  To  insure  the  fuel  consumer  a  supply  of  coal  at  all  times. 

(b)  To  take  advantage  of  low  freight  rates,  or  of  low  prices 
for  eoal  at  certain  seasons  of  the  year. 

(c)  To  permit  the  railroads  to  utilize  their  cars  and  equip- 
ment to  the  best  advantage. 

(d)  To  maintain  a  uniform  rate  of  production  at  the  mines. 

(2)   Kinds  and  sizes  of  coal  which  may  be  safely  stored: 

(a)     Although  it  is  undoubtedly  true  that  some  coals  may 
ed  with  greater  safety  than  others,  the  danger  from  spon- 
tani  ;i ilmsion  is  due  more  to  improper  preparation  and  pil- 

coal  than  to  the  kind  of  coal  stored. 

Most  varieties  of  bituminous  coal  may  be  safely  stored 

:  proper  size  and  if  free  from  fine  coal  and  dust.     The  coal 

must  be  handled  in  such  manner  as  to  prevent  excessive  breakage 

and  the  consequent  production  of  much  fine  coal  and  dust  when 

being  placed  in  storage,  because  spontaneous  combustion  is  due 

mainly  to  the  oxidation  of  the  coal  surface.    The  danger  of  spon- 

oii  in  storing  coal  is  very  greatly  reduced,  if  not 

entirely  eliminated,  by  Btoring  only  lump  coal  from  which  the 

id  fine  eoal  have  been  removed.    Of  two  coals,  the  one  which 

onld  be  chosen  for  storage  purposes  because  less 

•d  fine  coal  will  be  produced  in  its  handling.    All  varieties 

of  bitnminom  in  be  stored  under  water,  since  water  excludes 

pontaneous  combustion. 
Pine  coal  or  slack  has  sometimes  been  safely  stored  in 
ea  in  which  air  baa  been  excluded  from  the  interior  of  the 
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pile.  Exclusion  of  air  from  the  interior  may  be  accomplished 
(1)  by  a  closely  sealed  wall  built  around  the  pile  or  (2)  by  close 
packing  of  the  fine  coal.  Any  pile  of  slack  requires  careful  watch- 
ing to  detect  evidences  of  heating  and  means  should  be  provided 
for  moving  the  coal  promptly  if  heat  develops.  The  only  abso- 
lutely safe  way  to  store  slack  or  fine  coal  is  under  water. 

(d)  Many  varieties  of  mine  run  coal  cannot  be  stored 
safely  because  of  the  presence  of  fine  coal  and  dust  mixed  with 
the  lumps. 

(e)  Coal  exposed  to  the  air  for  some  time  may  become 
"seasoned''  and  thus  may  be  less  liable  to  spontaneous  com- 
bustion because  of  the  oxidation  of  the  surfaces  of  the  lumps  of 
coal,  but  opinions  are  by  no  means  unanimous  on  this  point. 

(f)  It  is  believed  by  many  that  damp  coal  or  coal  stored 
on  a  damp  base  is  peculiarly  liable  to  spontaneous  combustion, 
but  the  evidence  on  this  point  is  by  no  means  conclusive.  It  is 
safer  not  to  dampen  the  coal  when  or  after  it  is  placed  in  storage. 

(3)  The  effect  of  sulphur  on  spontaneous  combustion  : 

It  has  been  shown  by  experimentation  that  the  sulphur  con- 
tained in  coal  in  the  form  of  pyrites  is  not  the  chief  source  of  spon- 
taneous combustion,  as  was  formerly  supposed,  but  the  oxidation  of  the 
sulphur  in  the  coal  may  assist  in  breaking  up  the  lumps  of  coal  and 
thus  may  increase  the  amount  of  fine  coal  which  is  particularly  liable  to 
rapid  oxidation.  Even  this  opinion  is  not  unanimously  endorsed.  In 
spite  of  experimental  data  showing  that  sulphur  is  not  the  determin- 
ing element  in  spontaneous  combustion,  the  opinion  is  wide-spread 
that,  if  possible,  it  is  well  for  storage  purposes  to  choose  a  coal  with 
a  low  sulphur  content. 

(4)  Method  of  piling  eoal  : 

(a)  To  prevent  spontaneous  combustion,  coal  should  be  so 
piled  that  air  may  circulate  freely  through  it  and  thus  may  carry 
off  the  heat  due  to  oxidation  of  the  carbon,  <>r  it  should  he  BO 
closely  packed  that  air  cannot  enter  the  pile  and  oxidize  the  line 
coal. 

(b)  Stratification  <>r  segregation  of  tine  and  Lump  <'<>al 
should  be  avoided,  since  an  open  stratum  of  coarse  Lumps  of  coal 

provides   a    passage    through    which   aif   may    enter   and    come    in 
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rotact   with  the  fine  coal,  thus  oxidizing  it  and  starting  com- 
bustion. 

[f  space  permits,  low  piles  are  preferable  since  in  low 
piles  the  coal  is  more  fully  exposed  to  the  air  and  is  better  cooled 
than  in  high  piles  and  in  case  of  heating  it  can  be  more  readily 
and  quickly  moved.     A  disadvantage  of  high  piles  lies  in  the 
lifficulty  of  moving  the  coal  quickly,  if  necessary.     The 
idea  that  a  high  pile  eauses  heating  at  the  bottom  is  erroneous, 
many  tires  take  place  near  the  top  as  near  the  bottom, 
and  as  many  near  the  outside  as  near  the  interior  of  the  pile. 
If  possible,  the  eoal  should  be  divided  by  alleyways  so  as  to  fa- 
cilitate rapid  loading  out  of  the  coal  in  case  of  necessity,  and 
that  an  entire  eoal  pile  may  not  be  endangered  by  a  local  fire. 
Much   of  the  attempted  ventilation  of  coal  piles  has 
been   inadequately  done  through  the  use  of  only  an  occasional 
ventilation   pipe,  which  has  been  not  much  more  than  a  place 
in  which  t<>  insert  a  thermometer.     The  practice  of  placing  ven- 
tilating pipes  closely  together  has  been  used  in  Canada  and  is  re- 
ported  to  be  effective. 

Water  is  en  effective  agent  in  quenching  fire  in  a  coal 

pile  only  if  it  can  he  applied  in  sufficient  quantities  to  extinguish 

fire  and  to  cool  the  mass.    A  small  quantity  of  water  is  not  effec- 

Qnlesfi  there  is  an  ample  supply  of  water  thoroughly  to 

quench  tie-  tire  and  to  cool  the  pile,  it  is  very  dangerous  to  add 

ater  to  a  coal  pile. 

Coals  of  different    varieties  should  if  possible  not  be 
mixed  in  storage,  for  the  coal   possessing  the  greatest  tendency 
ard    spontaneous   combustion   may   jeopardize  the  safety  of 
other  varieties  not   bo  liable  to  spontaneous  combustion-. 

rage  upon  the  properties  of  coal : 

Tie-  heating  value  of  coal  as  expressed   in   \\.  t.  tl.  is  de- 
little  by  storage,   bul    tin1   opinion    is   wide-spread 
>al  burns  Less  freely  than  fresh  coal.     Experiments 
ind  at   much  of  this  deficiency  may  be  overcome  by  keep- 

thinner  bed  on  the  grate  and  by  regulating  the  draft. 

properties  of  most  coals  seem  to  decrease 
bul  coals  vary  greatly  in  this  respect. 
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(c)     The  deterioration  of  coal  stored  under  water  is  a< 
gible,  and  such  coal  absorbs  very  Little  extra  moisture.     It"  only 
part  of  a  coal  pile  is  submerged,  the  pari  exposed  to  the  air  is 
still  liable  to  spontaneous  combustion. 

(6)   Additional  precautions  : 

(a)  The  best  preventive  of  Loss  in  coal  storage  is  regularly 
to  inspect  the  pile.  It'  the  temperature  reaches  150  degrees  l\. 
the  pile  should  be  carefully  watched  and  if  the  temperature  r 

to  175  or  180  dcLiTccs  K.  the  coal  should  be  removed  as  promptly 
as  possible.  The  coal  should  be  thoroughly  cooled  before  being 
replaced  in  storage. 

(b)  Storage  appliances  and  arrangements  should  be  so 
designed  as  to  make  it  possible  to  remove  the  coal  quickly  if 
necessary,  and  coal  should  not  be  stored  in  Large  piles  unless 
provision  is  made  for  Loading  it  out  quickly. 

(e)     Pieces  of  wood,  greasy  waste,  or  other  easily  combustible 

material  mixed  in  a  coal  pile  may  form  a  starting  point  for  a 
fire,  and  every  efforl  should  be  made  to  keep  such  material  from 
the  coal  as  it  is  being  placed  in  storage. 

i  It  is  important  that  coal  in  storage  should  not  be  sub- 
jected to  such  external  sources  of  heat  as  steam  pipes,  because  the 
susceptibility  of  eoal  to  spontaneous  combustion  increases  rapidly 
as  the  temperature  rises. 

Warning:    Special  <  mpJiiisis  is  laid  upon  tin  foci  that  safety  in 
fh>  storagt  of  coal  dt  /><  nds  upon  <t  very  careful  <m<i  thorough  com 
eration  of  <m<l  attention  t<>  //"  details  referred  to  vn  tl>>   fore< 
Lack  of  attention  to  th<s<  details  <m<l  Inch-  of  can  in  li<ni<l!iit</  will  in 
nmini  cases  result  in  losses  dm  to  dangi  rous  fins.    Do  nut  undertah 
t<>  stort  coal  until  yon  ar(   tun   'ion  know  how  t<>  <!<>  it  properly  and 

safi  I  if. 


14  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 


II.     Reasons  for  Storing  Coal 

4.  Present  Mining  Conditions. — Au  ideal  condition  with  regard 
to  the  production,  distribution,  and  utilization  of  coal  would  permit 
the  steady  operation  of  mines  without  requiring  the  storage  of  large 
quantities  of  coal.  There  would  be  just  enough  mines  to  produce 
the  coal  required  with  only  a  suitable  excess  as  a  safety  factor;  these 
mines  would  be  operated  steadily  for  from  300  to  310  days  per  year 
and  the  coal  would  be  taken  away  as  rapidly  as  produced  and  de- 
livered to  the  consumers  as  needed.  This  ideal  condition  is,  however, 
far  from  being  fulfilled.  The  actual  condition  is  that  an  excessive 
number  of  mines  is  being  operated,  variously  estimated  as  capable 
of  producing  from  50  to  150  per  cent  above  the  normal  demands  of 
the  market,  that  these  mines  are  irregularly  worked  for  a  total  of 
only  about  200  days  per  year  producing  much  less  during  the  spring 
and  summer  than  during  the  fall  and  winter,  and  that  the  railroads 
have  not  adequate  equipment  to  handle  all  the  coal  if  all  the  mines 
were  operated  full  time. 

The  storage  of  coal  will  not  increase  the  amount  used,  and  it 

may  result  in  closing  down  unprofitable  mines  and  in  discouraging 

the  opening  of  new  mines  until  the  readjusted  demand  may  justify 

the  operation  of  such  mines  on  a  profitable  basis.     Storage  should 

make   possible   fairly  uniform   operation   throughout   the   year   and 

Ip  make  the  coal  industry  stable  instead  of  intermittent  and 

uncertain  as  at  present.    More  nearly  uniform  operation  of  the  mines 

and  a  greater  number  of  days  of  work  per  year  are  necessary  if  coal 

roduced  at  a  minimum  cost  and  if  the  miners  are  to  be  kept 

for  no  body  of  workmen  can  be  satisfied  with  the  irregular 

working  conditions  which  have  prevailed  for  many  years  in  the  coal 

mil  the  United  States.     Regular  operation  also  means  the  more 

emovaJ  of  the  coal,  greater  extraction,  and  greater  con- 

I  at  ion  of  a  natural   resource. 

riation  in  the  price  of  screenings  has  frequently  been  very 

great.     In  the  summer,  when  the  demand  for  coal  has  been  small 

ami  the  demand  for  fine  latively  large,  screenings  have  com- 

<1  a  price  of  on*:  dollar  or  more  per  ton,  while  in  the  fall  and 

rly  winter,  when  the  demand  l'<>v  coal  is  greatest,  the  production 

►metimes  been  BO  much  in  excess  of  the  immediate 
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demand  as  to  reduce  the  price  at  the  mine  to  as  little  as  ten  cents 
per  ton. 

The  variations  in  prices  for  different  sizes  of  coal,  as  given  by 
Prof.  E.  A.  Holbrook,*  show  the  advisability,  from  the  standpoint 
of  the  buyer,  of  stocking  coal  to  secure  the  advantage  of  lower  prices 
during  certain  seasons.  The  general  or  extensive  storage  of  coal 
should  equalize  these  widely  varying  prices. 

5.  Benefits  of  Storage. — The  reports  of  the  Coal  Storage  Com- 
mittee of  the  International  Railway  Fuel  Association  have  shown  that 
transportation  lines  should  store  coal,  first,  to  assure  a  continuous 
supply  of  fuel  for  railroad  operation  at  times  when  the  supply  from 
the  mines  may  be  cut  off  by  floods,  storms,  labor  disturbances,  or  other 
causes,  and  secondly,  to  avoid  the  necessity  of  providing  the  excessive 
equipment  of  locomotives  and  coal  cars  which  are  needed  if  all  the  fuel 
demands  of  the  winter  season  must  be  met  during  that  season.  This 
excessive  equipment  is  a  non-productive  investment  during  a  part  of 
the  year. 

Hallf  says: 

1 '  The  storage  of  coal  in  the  summer  months  will  enable  the  carriers  to  move 
a  percentage  of  the  tonnage  during  that  season,  which  they  are  now  called  upon 
to  move  during  sixty  to  eighty  days  of  each  fall  and  early  winter,  and  during 
which  period  no  railroad  in  this  country  now  has,  or  ever  can  afford  to  have  suffi- 
cient power  and  cars  to  serve  the  mines  and  move  the  coal  to  accord  with  the 
demand.  To  do  this,  we  will  say  five  of  the  large  coal  moving  roads  of  Illinois 
and  Indiana  would  each  have  to  buy  fifty  new  locomotives  and  six  thousand  new 
1  cars: 

A  total  of  250  locomotives  at  $25,000.00 $6,250,000 

A  total  of  30,000   cars   at   800.00 2-4,000,000 

Total  Investment  of $30,250,000 

the  annual  interest  on  which,  at  five  per  cent,  would  amount  to  $1,512,500,  and  a 
iter  percentage  of  such  cars  and   power  would  be  idle  eight  months  of  the 
year. 

''This  is  only  a  small  portion  of  the  total  investment  that  even  this  small 
group  of  railroads  would  have  to  make  in  order  to  handle  the  coal  as  the  con- 
sumers now  demand,  as  the  expense  of  additional  double  and  triple  tracks  and 
yard  facilities  would   i  1  the  cost  of  additional  equipment  and  power.     It 

is  therefore  rery  apparent  that  the  carriers  would  have  to  spend  so  much  money 

to  provide  100  per  een1  serviee  during  the  short  abnormal  offerings  of  ooal  that 

*     lov   Preparation  <>f   Bituminous  Coal  at   Illinois   Mm.-  '      iniv.  of   111.   Eng. 

:!.    No.    8-. 
t  Op.  OH  .  pp.   110-11 1. 
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.    ,ntial   i,  ii   freight    rates  would  be  the  inevitable  result,  which  of 

I  I  mean  an  increase  in  the  ultimate  delivered  cost  of  the  coal.     Thus 

rould  not  only  be  called  upon  to  pay  the  interest  on  an  excessive 

•al  invested  in  mines  but  would  also  have  to  cany  the  burden  of 

investment  in  equipment  and  facilities  on  the  part  of  the  carriers." 

Between  May  15  and  July  15,  1914,  the  railroads  had  a  surplus 

coal  cars,  representing  an  investment  of  $105,120,400.    This 

>f   money  would   provide  extensive  storage   facilities  which 

ild  probably  have  a  much  longer  life,  and  which  would  cost  less 

lintenance  and  depreciation  than  the  surplus  of  coal  cars.     In 

if  the  railroads,  one  of  the  greatest  advantages  of  storage 

s   in  the  opportunity  it  affords  for  moving  railroad  coal,  which 

;i  revenue  producing  element,  at  a  time  when  revenue  procluc- 

i   shipments  are  least.     Railroads  need  storage  to  control 

traffic,  and  the  coal  operators  need  it  to  regulate  production. 

assures  the  wholesale  and  retail   distributors  of  coal  a 

pply  in  times  of  failure  of  railroads  and  of  mines  to  furnish  the 

_  i!ar  daily  supply  owing  to  strikes  and  transportation  disturbances. 

•mits  distributors  to  take  advantage  of  low  freight  rates,  par- 

ilarly   through    the   use   of   water   transportation   in   the   summer 

time,  and   possibly  also  of  lower  prices  of  coal  at  the. mines  during 

.  time. 

Hal!*  reached  the  following  conclusions  regarding  coal  storage: 

of  bituminous  coal  can  only  be  made  feasible  by  the  producer, 
(rating  closely  to  carry  on  the  work  in  a  systematic  and 

million   dollars   Bpenl    by   producers  for  storage  facilities  will  afford 
!   industry  than  five  millions  spent  in  the  development  of 

ollars    invested    in    storage   facilities   by   railroads   would   go 
operating    tangles    and    preventing    car    shortage    than 

id  locomotives. 
I  by  the  industrial  and  domestic  consumers,  during  the 
of  ;i  eery  high  per  cent  on  the  investment." 

ping  may  be  summarized  as  follows: 

1  the  consumer  an  adequate  supply  which  pro- 

.  other  labor  disturbances,  and  uncertain 
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(2)  To   take    advantage   of   water   transportation    and    low 
freight  rates. 

(3)  To  secure  the  advantages  of  low  pric 

.(4)     To  equalize  the  prices  on  the  different  sizes  of  coal. 

(5)  To  avoid  the  maintenance  by  the  railroads  of  equij* 
nient  which  is  used  for  only  part  of  the  year. 

(6)  To  maintain  a  uniform  rate  of  production  at  the  mines 
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111.     Places  of  Storage  for  Different  Purposes 

Storage  Near  the  Point  of  Consumption. — The  place  of  storage 
should  be  near  the  point  at  which  the  coal  is  to  be  used,  not  only 

-ure  a  constant  supply  to  the  user,  but  to  avoid  the  extra  cost 
and  extra  breakage  incident  to  each  rehandling  and  to  utilize  trans- 
portation equipment  to  the  best  advantage. 

Hall*  says: 

•  •  While  unquestionably  the  best  and  most  economical  results  can  be  obtained 
by  moving  the  coal  to  final  destination  before  storing,  however,  it  may  be  desir- 
able and  necessary  to  establish  storage  yards  at  principal  distributing  centers 
such  as  Chicago,  Peoria,  St.  Paul,  and  Omaha,  and  in  doing  this  the  cooperation 
of  producers  and  carriers  will  be  essential.  In  fact,  it  would  probably  be  feasible 
and  desirable  for  the  producers  to  control  the  storage  companies. 

"These  central  storage  yards  should  have  a  capacity  of  100,000  to  500,000 
tons,  a  screening  plant  to  be  installed  in  conjunction  with  the  yard. ' ' 

7.     Storage  for  Domestic  Use  and  for  Small  Power  Plants. — The 

domestic  consumer  does  not  always  realize  that  if  his  winter  supply 

of  coal  is  delivered  in  October  or  November,  when  he  begins  to  use 

it,  or  in  small  amounts  throughout  the  winter,  he  is  contributing  to 

the  car  shortage  and  is  helping  to  make  necessary  the  maintenance 

of  more  mines  than  the  actual  yearly  consumption  will  justify.     The 

holder  should  realize  that  there  is  no  other  item  in  his  living 

-  which  will  pay  as  large  a  return  on  the  investment  as  to  lay 

in  a  supply  of  coal  in  May  or  June,  when  it  may  usually  be  procured 

from  fifty  cents  to  one  dollar  per  ton  cheaper  than  in  October  or 

ember. 

hough  an  increase  in  domestic  storage  during  the  summer  is 

the  Bimplest  ways  of  helping  to  solve  the  storage  problem, 

ilders  cannot  afford  to  pay  their  annual  coal  bill  in  a 

ml    Knowing  this,  retailers  often  ask  on  the  basis  of  deferred 

thly  payments  as  much  as  twenty-five  cents  a  ton  more  than 

The  plan  of  making  a  definite  reduction  in  price 

in  the  spring  might  be  more  generally  tried.    In  the  anthracite  region 

\<>r  instance,  a  reduction  of  fifty  cents  per  ton  in 

lade  April  1  and  an  increase  of  ten  cents 

until  by  September  1  this  reduction  has  been 

■ 
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made  up.     Some  such  stimulus  is  justifiable  to  help  keep  the  mines 

operating  more  steadily  during  the  summer  months  and  to  allow  the 
railroads  to  transport  the  coal  when  the  car  supply  is  available.  8 
tematic  advertising  campaigns  calling  attention  to  the  advantages  of 
buying  during  the  summer  have  been  carried  on  by  a  number  of  coal 
dealers,  notably  in  Springfield,  Illinois,  where  full  page  advertise- 
ments have  appeared  in  the  daily  and  Sunday  paper-. 

In  small  cities  like  Urbana  and  Champaign  where  the  popula- 
tion is  from  25,000  to  30,000  the  amount  of  coal  used  per  year  is  from 
75,000  to  100,000  tons.  The  dealers  estimate  that  an  ordinary  eight 
room  house  requires  from  fifteen  to  twenty  tons  per  year,  and  that 
seventy  per  cent  of  this  amount  are  stored  in  basements  during  the 
summer  months,  when  the  price  is  about  fifty  cents  per  ton  Less  than 
in  winter.  In  towns  which  have  a  large  industrial  population  the 
percentage  stored  during  the  summer  is  less  and  the  sales  are  dis- 
tributed throughout  the  year.  In  towns  where  the  local  supply  comes 
from  neighboring  mines,  the  incentive  for  storage  is  not  so  great 
since  there  is  not  often  any  variation  in  price  and  no  likelihood  of  a 
scarcity. 

Hall*  says: 

"If  consumers  are  asked  to  cooperate  with  producers  and  carriers  to  the 
extent  of  storing  some  coal  during  the  spring  or  summer  they  will  expect  to  be 
shown  wherein  they  will  be  benefited,  and  this  also  holds  true  in  the  case  of  dealers 
or  jobbers  who  may  plan  to  go  into  the  storage  proposition  on  a  large  scale. 

1  *  The  producer  has  in  the  past,  and  will  in  the  future  unquestionably  make 
sufficient  price  concessions  during  the  spring  and  Bummer  months  to  cause  that 
to  be  an  attractive  feature  of  storage. 

"The  carriers  should  also  offer  inducement!  in  the  nature  of  freight  rates 
with  'storage  in  transit  '  privileges  and  should  make  lower  rates  during  the  months 
that  is  to  the  advantage!  of  all  interests  to  store  coal. 

"The  total  operating  expense!  of  the  railroads  moving  fhe  Illinois  and 
Indiana  coal  to  Chicago  and  the  adjacent  territory  north  and  west  show  an  in- 
n-ease of  31  per  cent  in  proportion  to  gross  earnings  in  B  severe  Winter  month 
1  with  a  spring  or  summer  month.  It  is  therefore  entirely  fair,  and 
in  fact  a  sound  business  proposition  for  these  carriers  to  make  a  corresponding 
variation  in  freight  rates.  For  example  the  present  rate  to  B  given  point  is  $1.00 
per  ton  why  should  not  a  rate  of  B6  cents  be  made  for  the  months  of  April,  M:iy, 
and  .June;   '.»."  rents  for  .Inly,  August   ami  September,  and  |1.10    for   the   remaining 

months  of  the  year!  " 

In  this  connection  Coal  Tariff  2338  of  the  Qlino  itra]  Bail- 

road,  issued  December  6,  1915,  is  of  interest  ■ 
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"Storage  in  transit  at  Kankakee,  111.,  of  Bituminous  Coal,  C.  L. 

ft Bituminous  Coal,  carloads,  originating  at  Mines  and  Stations  on  Illinois 
traJ  Railroad  and  connections  in  Illinois,  and  destined  to  Chicago,  Illinois, 
may  be  unloaded  and  stored  in  transit  at  Kankakee,  Illinois. 

"Shipments  will  be  way-billed  to  Chicago,  111.,  with  notation  on  way-bill 
'  To  be  unloaded  and  stored  at  Kankakee,  111.' 

' '  The  through  rate,  lawfully  on  file  with  the  Illinois  Public  Utilities  Com- 
mission, in  effect  on  the  date  of  forwarding  from  original  point  of  shipment  to 
Chicago,  111.,  plus  $2.00  per  car  for  reconsigning  and  extra  service,  will  be  pro- 
tected when  shipments  are  reloaded  and  forwarded  to  Chicago,  111. 

1 '  On  reshipments  of  storage  coal  the  deduction  for  moisture,  on  shipments  of 
screenings,  from  the  actual  net  weight  as  ascertained  on  track  scales  at  Kankakee, 
111.,  will  be  five  (5)  per  cent. 

* '  Agent  at  Kankakee,  111.,  to  show  gross,  tare  and  net  weight,  and  deduction 
for  moisture  on  face  of  way-bill. 

"No  deduction  will  be  allowed  if  weighed  en  route  or  at  destination. 

"If  the  shipments  are  not  forwarded  from  Kankakee,  111.,  within  six  months 
from  the  date  they  were  forwarded  from  original  point  of  shipments,  through 
rate,  lawfully  on  file  with  the  Illinois  Public  Utilities  Commission,  in  effect  from 
the  original  point  of  shipment  to  Chicago,  111.,  will  be  collected  at  that  time. 

•  •  Owners  will  be  required  to  unload  and  reload  the  coal. 

"Shipments  will  be  subject  to  Car  Demurrage  Eules  lawfully  on  file  with 
the  Illinois  Public  Utilities  Commission. 

"Note: — Applicable  only  on  traffic  having  point  of  origin,  destination  and 
entire  transportation  within  the  State  of  Illinois." 

In  this  connection,  it  is  interesting  to  note  the  distribution  among 
different  classes  of  service  of  coal  used  in  the  city  of  Chicago.*     A 


Table  1 
tity  of  Coal  and  Coke  used  in  Chicago  during  1912 


Service 


Tons 


Per  Cent 




■•■■'.'  

itioriury    Power   and   Heating   Plants: 

municipal,  steam  railroads, 

ower  plants,  or  boiler  plants.  .  . 

Pressure  Steam   and   Other   Stationary    Heating   Plants: 

:  small  building  ad  small  apartments 

and  residences 


'/'fr  | 

build 

Press 

r-f.* 

. 

img 



ng  and  ' >ther  J'. 

ad   allied   processes; 
.  .'I    miscellaneous  manu- 
r  processes,  excluding  boiler  power 
plants  ...  


1  stall 


2,815,400 
92,368 


9,147,344 

4,646,910 
253,867 


4,253,007 


21,208 


13.27 
0.44 


43.13 

21.91 

1.20 

20.05 


100.00 


•  Beport  of  igo  Association   of   Commerce   Committee  of  Investigation   on   Smoke 

Abatement    and     KlectrifiVation    of    Railway    Terminals,     p      110,     1916. 
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study  of  this  table  will  indicate  the  points  of  attack  in  a  campaign 
to  increase  the  amounts  of  coal  to  be  kept  in  storage. 

The  average  retailer  is  in  much  the  same  condition  as  the  house- 
holder, to  the  extent  that  he  does  business  on  limited  capital  and 
cannot  afford  to  lay  in  a  heavy  stock,  even  if  he  has  the  required  space 
and  facilities.  According  to  The  Black  Diamond*  there  is  one  retail 
dealer  in  the  United  States  for  every  two  thousand  inhabitants,  which 
means  that  the  average  retailer  handles  only  about  7500  tons  per 
year.  Since  there  is  usually  in  every  town  some  corporation  which 
handles  a  large  proportion  of  the  retail  coal  business  the  average 
dealer's  business  will  probably  amount  to  much  less  than  7500  tons. 
There  are  at  least  twenty  coal  dealers  in  Champaign  and  Urbana  for 
a  population  of  about  25,000.  Since  the  consumption  in  these  towns 
is  probably  not  over  100,000  tons  per  year,  the  average  sales  per  deal- 
er are  not  more  than  5,000  tons.  The  ordinary  retail  dealer  cannot  af- 
ford to  put  much  money  into  costly  storage  appliances  which  add 
greatly  to  his  overhead  charges,  nor  to  buy  the  land  necessary  to  store 
great  quantities.  The  comparatively  small  amounts  stored  are  kept 
usually  in  small  bins  under  cover  and  are  stored  for  only  a  short 
time. 

One  way  out  of  the  difficulty  would  be  to  establish  cooperative 
storage  plants  which  could  serve  as  common  storage  facilities  for  a 
number  of  dealers.  Such  cooperative  schemes  have  not,  however, 
been  generally  successful.  In  Rock  Island,  Illinois,  a  company  has 
built  a  number  of  storage  bins  which  are  rented.  In  a  Large  eity, 
storage  facilities  for  any  considerable  quantity  of  coal  would  usually 
have  to  be  located  in  the  outlying  districts  to  keep  the  rental  coal 
for  t lie  land  within  reasonable  limits,  a  ton  of  coal  occupies  about 
forty  cubic  feet;  hence  to  store  our  thousand  t<>ns  in  a  pile  ten  feet 
high  would  require  ;i  space  sixty-three  feel  square. 

Large  office  buildings,  hotels,  ami  Btores  arc  the  Largest  u^rs  of 
coal  per  foot  of  floor  area.  In  Chicago  the  amount  used  per  building, 
according  to   The  Black  Diamond,  varies  from  seven  to  sixty  tons 

per  day. 

For  large  buildings  two  kinds  of  storage  must  l>.-  provided, 
namely,  the  current  daily  working  Btorage  and  the  reserve  or  emer- 
gency storage  to  tide  over  strikes,  bad  weather  conditions,  trans- 
portation  difficulties,   and   other   contingencies.      Provision    for   the 


*  K.'l.ninry    I,     1917. 
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al  for  the  current  supply  is  a  necessity  and  need  scarcely 
I  in  connection  with  the  broader  phases  of  the  question, 
matter  of  architectural  design  and  depends  largely  upon 
mailable  in  a  given  building.     If  a  building  requires  40 
^pace  of  1600  cubic  feet  is  necessary  for  a 
ply  and  a  room  approximately  30  by  30  by  10  feet  for  a 
ipply.     According  to   The  Black   Diamond*   this  storage 
in  the  loop  district  of  Chicago  is  worth  a  rental  of  three  dollars 
uare  foot  per  annum  for  power  purposes.    The  Continental  and 
mmereial  National  Bank  uses  this  space  for  its  vaults,  and  their 
.tai  value  is  about  eight  dollars  per  square  foot.     That  makes  its 
line  two  and  two-thirds  times  the  value  of  the  same  space  for  power 
aerating  purposes.    The  Rector  building  in  Chicago  rents  its  base- 
ment to  a  restaurant  for  six  dollars  per  square  foot.    This  fact  shows 
that  the  basement  is  worth  almost  as  much  as  the  ground  floor  space, 
and  more  than  twice  as  much  as  the  office  space  of  the  upper  stories. 
-  ich  buildings  must  have  a  regular  daily  supply,  and  they  must  use 
their  own  space  at  a  high  rental  loss,  or  some  provision  for  storage 
must  be  made  by  the  wholesalers,  or  by  the  railroads.    Local  storage 
of  large  quantities  of  coal  for  such  a  district  as  the  loop  in  Chicago 
therefore,  impracticable  without  an  unreasonable  increase  in  the 
fuel  bill,  and  some  other  solution  of  this  part  of  the  problem  must 
worked  out. 
Public  utilities  companies,  owing  to  the  constantly  increasing 
i  mental  supervision  which  requires  uninterrupted  service,  and 
the  by-product  coke  companies,  the  steel  companies,  and  other  in- 
dustries which  must  run  continuously  must  necessarily  regard  stor- 
a  matter  of  necessity,  unless  they  are  situated  near  the  mines. 
.Many  of  the  zinc  smelters  in  Illinois,  although  in  mining  towns,  have 
pie  storage  facilities. 

8.     Storage  by  Railroads. — The  railroads  are  interested  in  stor- 

both  because  they  are  the  largest  users  of  coal  and  because  they 

;   in   utilizing  their  coal  carrying  equipment  to  the  best 

the  United  I     ological  Survey,  the  railroads 

i    in   1916,   L36, 000,000  tons  of  bituminous 

coal     27  |  the  -"t;il  production),  6,735,000  tons  of  anthra- 

• 
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cite  (7.1  per  cent  of  the  production),  and  22,950  tons  of  coke.  The 
railroad  consumption  of  bituminous  coal  in  1916  showed  an  increase 
of  14,000,000  tons,  or  11.5  per  cent  over  1915.  The  quantity  of  bi- 
tuminous coal  used  by  the  railroads  in  the  eastern  district  increased 
from  56,500,000  to  62,700,000,  or  11  per  cent.  The  increase  in  the 
southern  district  was  from  22,000,000  to  23,300,000  or  5.1  per  cent, 
and  in  the  western  district,  from  43,500,000  to  50,000,000,  or  15  per 
cent. 

There  is  a  difference  of  opinion  concerning  the  place  at  which 
a  railroad  should  store  coal.  Some  recommend  storage  at  the  using 
point,  i.  e.,  at  each  coaling  station,  while  others  suggest  some  central 
point  from  which  a  number  of  coaling  stations  may  be  supplied. 
Even  though  the  cost  of  providing  storage  facilities  at  each  coaling 
station  may  be  prohibitive  at  present,  many  advise  that  in  locating 
coaling  stations  consideration  be  given  to  the  possibility  of  subse- 
quently erecting  storage  facilities  at  such  points.  Some  recommend 
a  central  storage  plant  for  each  division,  so  that  each  superintendent 
may  be  responsible  for  his  own  fuel  supply.  Others  recommend  only 
general  terminal  supply  stations.  The  cost  of  installation  and  opera- 
tion of  one  large  plant  must  be  compared  with  that  of  a  number  of 
smaller  ones,  and  the  item  of  additional  breakage  must  also  be  con- 
sidered. 

9.  Storage  at  the  Mine. — There  is  a  wide  diversity  of  opinion 
concerning  the  advisability  of  storing  at  the  mine,  many  claiming 
that  it  is  not  desirable,  since  it  neither  increases  the  output  nor  helps 
the  transportation  problem.  It  is  as  logical  economically  for  the 
producer  of  coal  to  store  coal  at  the  mine  as  it  is  for  the  manufacturer 
of  cement  to  store  cement  at  his  plant. 

Storage  near  the  point  of  consumption  is.  of  course,  the  best 
method,  but  storage  at  the  mine  post  iuch  advantages  as  to  war- 

rant its  consideration  Even  a  small  storage  pile  at  the  mine  may 
permit  the  mine  to  begin  running  in  the  morning  when  railroad  cars 

have    not    1m-. mi    delivered    and    when    ordinarily    the    min«'   would    not 

start  owing  t<>  the  uncertainty  of  a  car  supply  later  in  the  day.  It 
may  also  often  tide  over  pm-iods  of  the  day  when  additional  cars  are 
needed  During  the  early  part  of  the  week  the  car  supply  is  usually 
good,  but  it  falls  off  during  th«>  latter  part,  and  storage  Bhould  help 
to  increase  the  regularity  of  running. 


[NEBRING    EXPERIMENT  STATION 

1  should  be  stored  at  destination  by  railroads,  industrial 

users  during  the  period  from  April  to  August.     Screenings 

shou  al  operators  during  the  period  from  September 

ing  at  the  mine,  the  operators  are  fortified  against  fluctu- 
ation* in  demand.    Occasionally  an  operator  cannot  increase  his  out- 
put rapidly  owing  to  insufficient  mine  development;  whereas  if  he 
a  ipply  upon  which  to  draw,  he  may  retain  the  business 
and  at  the  same  time  proceed  with  the  development  until  his  capacity 
I  to  meet  the  extra  demand.     Suitable  storage  facilities 
at  the  mine  will  make  possible  more  rapid  working  and  better  ex- 
will  also  help  to  equalize  the  difference  in  demand 
8,  and  will  permit  shipments  to  continue  when  the 
mine  is  shut  down.     Operating  expenses  at  a  mine,  as  with  the  rail- 
isnally  greatest  in  the  winter  and  mining  would,  therefore, 
tore  profitable  if  the  mines  could  be  worked  steadily  during  the 
tmer  and  spring  months. 
K.  A.  M'Auliffef  has  stated  the  advantages  of  storing  as  affecting 
labor  conditions  at  the  mine  as  follows: 

-hop  man  ordinarily  receives  some  limited  notice  relative  to  short  hours 
taction  of  force.    Engine  and  trainmen  have  learned  by  experience  that  busi- 
ness falls  off  at  certain  seasons,  but  they  know  at  the  same  time  that  they  will 
be  permitted  to  make  a  mileage  at  least  reasonably   commensurate  with  their 
domestic  and  their  financial  requirements;  not  so  with  the  miner,  with  the  fellow 
that  digs  the  coal;  he  works  to  the  extreme  limit  of  his  ability,  or  at  least  he 
has  the  opportunity  to  work  to  the  limit  of  his  ability,  one  week,  when  suddenly, 
without  notice,  due  possibly  to  an  unforeseen  weather  condition,  business  slumps 
and  he  gets  one  day  or  two  days  a  week.    In  the  meantime  his  operating  expenses 
are  running  on  just  the  same.     I  think  that  condition  is  very  largely  responsible 
for  the  unrest,  for  the  dissatisfaction,  that  the  mine  worker  labors  under.     That 
not  take  a  greater  interest  in  the  affairs  of  his  employer,  in  the  per- 
•'cy  of  1.  ion,  I  think  is  very  largely  due  to  the  fact  that  he  does  not 

know  what  b<-  g  to  earn  next  week.    When  night  comes  he  can  sum  up  what 

be  earned  today,  but  he  does  not  know  what  tomorrow  holds  in  store  for  him. 
608  on  earth  subject  to  the  tremendous  and  violent  fluctuations 
that  I  t  to.     Today  we  demand  the  maximum,  or  if 

poati1  rimmn    output  of  all   the  mines;    tomorrow  we  are 

tor   sells  his   product  or   otherwise.     The 
it  from  the  mines  to  the  stock  piles  during  these 
temporary  ■  only  same  solution  of  that  problem. " 

il    Railway    Fwl    AhHociation,    Vol.    VII,    p.   267,    1915. 
-etdinfa,   International  Railway  V\u:\  AnBociation,  Vol.  VI,  p.   143,   l'Jll. 
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The  small  number  of  working  days  at  Illinois  mines  is  shown  by 

the  following  table,  taken  from  the  Illinois  Coal  Report. 


Table  2 
Days  of  Active  Operation  of  Mixes  for  Seventeen  Years 


All  Mines 

3  pping  Mines 

Year 

Days 

Days 

1900 

214 

1901 

174 

204 

1902 

178 

210 

1903 

192 

1904 

198 

1905 

17  4 

198 

190H 

172 

189 

1907 

184 

20Q 

1908 

171 

191 

1909 

168 

189 

1910 

171 

179 

1911 

165 

169 

1912 

160 

172 

1913 

170 

17'' 

1914 

162 

ir ; 

1915 

158 

172 

1916 

163 

185 
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IV.     Coal  Storage  Practice 

10.  Kinds  and  Sizes  of  Coal  which  may  be  Safely  Stored. — The 
opinion  is  current  that  the  locality  from  which  a  coal  comes  determines 
its  suitability  for  storage.  One  frequently  hears  such  a  remark  as, 
"Eastern  coals  (meaning  those  from  Pennsylvania  and  West  Vir- 
ginia) can  be  easily  stored  but  Western  coals  (meaning  those  from 
Illinois  and  Indiana)  cannot  be  since  they  are  much  more  liable  to 
spontaneous  combustion. ' ' 

This  statement  is  too  general  to  fit  the  facts,  because  scientific 
research  and  the  experience  of  those  storing  coal  have  shown  that 
while  there  are  undoubtedly  inherent  differences  in  coals  which  affect 
their  liability  to  spontaneous  combustion  and  to  degradation,  these 
differences  are  of  less  importance  than  the  size  of  the  coal  and  the 
way  in  which  it  is  stored.  The  answers  to  the  questionnaire  (Ap- 
pendix II)  indicate  that  almost  any  coal  may  be  stored  if  it  is  prop- 
erly piled,  and  that  almost  any  coal  improperly  stored  will  heat  and 
may  fire. 

The  C.  W.  Hunt  Company,  of  Staten  Island,  makes  the  following 
statement : 

' '  Any  coal  of  fair  quality,  both  anthracite  and  bituminous,  can  be  suc- 
cessfully stored  for  an  indefinite  length  of  time.  There  is  a  slight  deterioration 
both  chemical  and  physical,  but  this  is  not  serious,  provided  the  coal  does  not 
heat.  Low  grade  bituminous  coals  are  subject  to  heating  and  should  not  be  stored 
above  twenty  feet  in  depth  or  for  very  long  periods.  Any  storage  of  bituminous 
i  bo  watched  and  if  found  to  heat,  should  be  moved." 

1     il  Storage  Committee  of  the  International  Railway  Fuel 
ation  says  with  reference  to  storage  by  roads  using  Ohio,  Penn- 
ivaniri,  and  Wesl  Virginia  coals: 

..sensus  of  opinion  in  regard  to  the  coals  which  may  be  screened 

without  excessive  1  seems  to  be  that  the  coal  best  adapted  for  storage  is 

fonrtiu  inch  to  the  one  and  one-fourth  inch  lump.     In  the  case  of  very 

frit  a  of  sizes  is  not  practicable,  for  which  reason  they 

■boul'l  one  and  the  storage  piles  so  made  as  to  minimize 

the  coal  of  mixed  sizes."* 

by  the  railways  in  the  southeastern 
pari  of  the  I  fnifc  omittee  says : 

*  I'roceedinr*.    International    Railway    KuH    Association,    Vol     VII,    p.    260,    1915. 
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"It  is  agreed  that  lump  coal  of  a  firm  quality,  in  order  to  resist  powdering, 
is  the  best.  The  Central  of  Georgia  Railway  has  been  very  successful  in  storing 
slack  with  a  large  percentage  of  nut.  From  the  operators'  viewpoint,  run  of 
mine  should  be  stored,  as  it  leaves  nothing  on  their  hands."  * 

With   reference  to  southwestern   railways   the   Committee  says: 

' '  It  is  generally  agreed  that  lump  and  nut  coal  with  at  least  twenty-five  per 
cent  of  slack  removed  is  the  best  kind  to  store,  that  is,  with  the  coals  which  will 
store  without  great  danger  of  spontaneous  combustion. 

'  •  All  who  have  tried  to  store  Texas  and  part  of  the  Arkansas  coal  have  found 
that  it  is  a  failure  on  account  of  the  liability  to  spontaneous  combustion. 

•  All  other  coals  in  the  second  territory — Oklahoma,  Kansas,  Missouri,  and 
Northern  Arkansas — can  be  stored  and  the  loss  in  heating  value  and  weight  will 
be  from  two  per  cent  to  eight  per  cent."  t 

With  reference  to  the  railroads  using  Indiana,  Illinois  and  Iowa 
coals  the  Committee  say^  ■ 

' '  Lump  and  egg  coal  should  be  stored  at  destination  by  railroads,  industrial 
plants  and  domestic  users  during  months  April  to  August.  Screenings  should 
be  stored  at  mines  by  coal  operators  during  period  September  to  January. ' '  { 

W.  L.  Abbott,  Chief  Engineer  of  the  Commonwealth  Edison 
Company,  Chicago,  says: 

1 1  The  experience  of  the  Commonwealth  Edison  Company  after  storing  large 
amounts  of  all  varieties  of  coal  and  particularly  Illinois  coals  for  a  number  of 
yean  may  be  summarized  as  follow^: 

" Nearly  any  coal  which  has  gone  over  a  l^-inch  screen  can  be  stored. 
Any  size  of  coal  with  duff  left  in  will  heat. 

"Pea  coal  over  one-half  inch  through  three-fourths  inches  has  been  in  stor- 
age for  more  than  a  year  without  heating.  Coal  with  screenings  removed  has 
been  kept  in  storage  eight  years  without  firing. 

"Heating  usually  occurs  within  three  months  after  the  coal  has  been  stocked, 
and  the  tendency  to  heat  decreases  rapidly  after  that  period. 

"Coal  in  storage  piles  shows  no  measurable  loss  of  heating  power,  although 
weathering  reduces  the  lumps  on  the  outside  of  the  piles  to  slack. 

"As  insurance,  cost  of  handling,  etc.,  are  the  same  for  all  grades  of  eoal, 
regardless  of  heat  value,  it  is  more  economical  to  store  the  Letter  grades." 

These  statements  are  endorsed  by  others  in  Chicago  who  store 
large  quantil  lea  of  «'oal. 


*  Ibid  .    p 

t  [Ud  .    p.    264. 

I  [bid  .   p.  161 
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Hall  * 

•  •  On  account  of  the  cheaper  prices  which  have  prevailed  on  slack  coal,  tho 

•ustrial  concerns  of  tho  country  have  gradually  been  installing  steam  plants  so 

burn  successfully  that  grade,  resulting  in  a  proportionately  stronger 

reenings,  from  April  to  August  of  each  year,  than  any  other  size. 

Tl  s  an  ideal  condition  for  storage  as  it  enables  the  operator  to  supply 

the  railroads,  and  other  concerns  that  require  it,  sized  coal  such  as  nut  and  egg 

current  use  and  the  large  lumps  for  storage.     There  has  been  a  surplus  of 

well  as  lump  coal  during  the  spring  and  summer  and  this  grade  can  also 

to  good  advantage.     The  six-inch  lump  coal  when  stored  and  reloaded 

aid  be  rescreened  if  any  part  of  it  is  to  be  offered  to  the  householder.     Lump 

or  egg  when  stored  by  the  ultimate  consumer  and  at  the  point  of  consumption 

can  be  recovered  without  appreciable  degradation. 

• '  During  the  fall  and  early  winter,  conditions  are  reversed  and  screenings 
omc  the  unsalable  size.  This  is  the  period  that  screenings  should  be  stored 
he  mines." 

A.  Bementt  says:  "It  appeared  that  egg  coal  was  the  best  size 
put  in  storage  and  there  has  been  an  enormous  tonnage  of  it  stored 
in  the  open  with  complete  success." 

11.     When  Coal  should  be  Stored. — To  keep  the  mines  running 

_ularly  and  to  relieve  the  congestion  of  the  railroads,  coal  should 

be  stored  during  the  spring  and  summer.    Coal  which  is  moved  to  the 

-i  point  by  water  must  be  stored  during  the  summer  and  early 

fall  before  the  close  of  water  navigation. 

From  the  standpoint  of  heating  of  the  coal  it  is  preferable  to 

re  during  the  cool  days  of  the  fall  or  winter,  but  many  prefer  to 

re  during  July  and  August,  because  then  the  coal  is  drier.    Others 

prefer  to  store  in  May  and  June,  because  then  labor  is  more  easily 

obtained  and  more  can  be  accomplished  than  during  the  hot  summer. 

W.  I).  Langtry}  suggests  the  advisability  of  cooling  steel  coal 
-  before  they  are  loaded  and  says: 

"One  item  which  might  prevent  trouble  in  storing  is  the  condition  of  rail- 
in  the  summer  when  coal  is  loaded  therein  at  the  mines.     We  found 
ars,  for  instance,  would  absorb  the  heat,  to  a  great  extent,  from  the 
.  and  if  the  eofl]  w:.  I  into  these  cars  this  heat  would  be  transmitted  to 

the  coal,   tints'   giving  it  a  good   start  for   spontaneous  combustion  to   continue. 

.'up  when  freshly  mined,  and  this  and  the  heat  are 
g  the  coal  a  good  start.     If  the  cars  could  be  cooled  in 
prinkling  th*-in  with  u  hose,  when  it  is  known  that  the  coal  is  going 
in   -  '   " 

A   Railway   Fuel   Association,    Vol.    VI,   p,    L26     L914 

i,    April    7,    HUT. 
t  Persoii 


THE  STORAGE   OF   BITUMINOUS   COAL  29 

The  following  statement  by  P.  W.  Gray*  is  of  interest  with  re- 
lation to  the  effects  of  the  temperature  at   which  coal   fa  placed  in 

storage : 

"The  inu.>t   extensive  yel    undertaken   was  in  the  winter  months  of 

1913-1914,  when  650,000  tons  of  eoal  were  'banked'  by  the  Dominion  Coal 
Company  at  their  Glace  Bay  mines.  The  coal  is  lifted  in  the  summer  by  steam 
shovels,  rescreened  and  shipped.  There  has  never  yet  been  an  actual  fire  in  the 
round  coal  banks,  although  the  first  coal  banked  out  must  remain  in  the  center  of 
the  pile  for  over  six  months  before  it  is  lifted.  Heating  sometimes  takes  place, 
but  with  proper  methods  this  can  be  speedily  checked  and  dissipated.  The  tem- 
perature of  the  air  at  the  actual  time  of  banking  is  an  important  consideratioi 
generally  speaking  the  banked  coal  seems  to  remain  at  about  the  temperature 
which  it  had  when  placed  in  the  bank.  The  bulk  of  the  coal  placed  on  the  ground 
is,  of  course,  put  there  in  cold  or  freezing  weather.  If  a  thermometer  is  lowered 
down  a  pipe  into  the  interior  of  the  bank  it  will  usually  register  a  temperature 
near  to  the  freezing  point,  a  fact  that  it  is  interesting  to  observe  on  a  hot  summer 
day,  when  the  surface  of  the  banked  coal  is  quite  warm  to  the  hand.  The  coal 
is  banked  up  to  a  height  of  from  40  to  46  feet,  and  over  300,000  tons  have  been 
stored  in  a  continuous  pile." 

There  is  the  greatest  danger  when  coal  is  stored  during  the  hot 
months,  July  and  August,  and  the  liability  is  greatly  reduced  if  it  is 
stored    in   May.  dune.   September,  or  October. 

12.  Storage  Piles. — Storage  piles  are  usually  in  the  form  of 
truncated  cones  or  pyramids,  the  size  depending  mainly  Upon  the 
appliances  used  for  storing  and  reclaiming  and  upon  the  space  avail- 
able. 

The  different  sizes  of  coal  are  Bometimes,  it"  space  permits,  kepi 
separate  in  storage,  but  often  this  plan  is  impracticable  and  the  c 
must  be  screened,  if  at  all,  as  it  is  taken  out  of  stora( 

If  piled  on  the  ground,  the  space  should  be  clean,  level  and  free 
from  water  or  moisture.  .Many  large  piles  are  placed  upon  a  board 
or  concrete  foundation 

There  is  a  wide  diversity  of  opinion  concerning  the  heighl  of  pi 

and  many  think  that  piles  should  be  not  more  than  ten  feet  high.     The 

opinion  often  expressed  that  the  height  of  the  pile  is  an  important  fac- 
tor affecting  the  extent  to  which  coal  at  the  bottom  of  the  pile  maj 
crushed  does  not  seem  t<>  be  substantiated  by  the  facts.    Tests  made  in 
the  Materials  Testing  Laboratory  of  the  University  of  Illinois  on  Illi- 
nois coal  showed  a  maximum  crushing  strength  of  -,,,-,'>  pounds  per 

*  "The  Coal  Fields  uml   Goal    Industry   of    Eastern  Canada    Department   of 

Mines,   Bui.    14,   pp.    1112,    liUT 
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aare  inch  and  a  minimum  of  1280  pounds.     Similar  tests  on  Con- 

aellsville  coal  showed  a  maximum  strength  of  3430  pounds  per  square 

inch  and  a  minimum  of  1310  pounds.    Tests  in  England  required  1.27 

tons  per  square  inch  to  start  cracking  and  1.52  tons  to  crush  the  coal. 

.1  is  seldom  piled  at  present  more  than  fifty  feet  high  and  at 

this  height  the  pressure  at  the  bottom  of  the  pile  would  be  only  about 

irteeD  pounds  per  square  inch  which  is  so  small  compared  with  the 

crashing  strength  as  to  be  negligible.    Any  increase  in  fine  material 

in  high  piles  is  probably  due  mainly  to  the  handling  of  the  coal,  as,  for 

ample,  dropping  it  from  a  considerable  height  or  allowing  it  to  roll 

,vn  a  long  slope  and  thus  produce  breakage  and  abrasion.    None  of 

those  who  pile  coal  to  a  considerable  height  reports  any  crushing  due 

to  the  height  of  the  pile. 

Coal  has  been  successfully  stored  in  piles  varying  in  height  from 

to  sixty  feet  and  it  has  also  frequently  fired  in  very  low  piles.    The 

depth  is  not  so  important  as  the  manner  in  which  the  coal  is  placed  in 

storage  and  the  facilities  available  for  quickly  removing  it  in  case  of 

firing. 

An  examination  of  piles  which  have  fired  shows  that  the  fires  have 
started  frequently  near  the  top  and  sides  and  not  at  any  great  depth 
in  the  pile.  A  current  of  air  in  the  pile  too  sluggish  to  carry  off  the 
heat,  a  piece  of  wood,  or  oily  waste  may  furnish  a  starting  place  for 
fire.  The  theory  has  been  advanced  that  the  temperature  of  a  current 
of  air  rising  through  a  pile  of  coal  in  which  oxidation  is  taking  place 
receives  sufficient  heat  from  the  oxidizing  coal  to  increase  the  tendency 
to  spontaneous  combustion  near  the  top. 

One  objection  to  high  piles  lies  in  the  difficulty  of  testing  for 
heating.  Low  piles  are  advantageous  because  they  can  be  easily 
watched  and  tested  for  a  rise  in  temperature,  and  if  necessary  the  coal 
can  be  removed  quickly. 

In  connection  with  experiments  made  on  coal  stored  by  the  Ca- 
nadian Pacific  Railway  near  Montreal,  Canada,  Prof.  J.  B.  Porter* 

14  It  is  interesting  to  note  that  the  series  of  observations  prove  very  clearly 

that  the  maximum  heating  was  comparatively  near  the  surface  of  the  pile.     As 

■   r  of  fact  the  hottest  points  were  apparently  not  more  than  five  or  six  feet 

from  the  surface,  although   the  vreatber  at  the  time  was  extremely  severe.     The 

rnon  opinion  of  praetiea]  men  in  charge  of  coal  storage  is  that  fires  usually 
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occur  close  to  the  bottom,  but  in  this  case  it  is  almost  certain  that  had  the  pile 
been  left  unventilated  it  would  have  ignited  within  a  week  or  two  at  a  depth 
of  not  over  six  feet,  and  in  certain  other  cases  which  the  author  has  observed, 
fires  in  large  piles  have  actually  originated  at  this  depth.  The  probable  reason  is 
that  in  a  pile  of  great  extent  and  depth,  the  coal  in  the  lower  portions  is  so 
heavily  compressed  and  so  isolated  from  supplies  of  fresh  air  that  it  does  not 
receive  sufficient  oxygen.  It  must  be  confessed,  however,  that  the  persons  re- 
sponsible for  coal  storage  are  not  willing  to  act  upon  this  theory,  which,  if 
followed  to  a  logical  conclusion,  would  lead  to  the  storage  of  coal  in  very  deep 
piles  on  ground  impermeable  to  air. ' ' 

A  pile  should  be  divided  by  alleyways  into  small  units  so  that  all 
parts  may  be  easily  accessible,  and  thus  the  danger  of  a  fire  spreading 
may  be  minimized. 

13.  Ventilation  of  Coal  Piles. — It  is  a  generally  accepted  theory 
t hat  if  the  air  supply  is  entirely  shut  off  from  the  coal,  as  with  under- 
water storage,  spontaneous  combustion  cannot  occur.  It  is  also 
agreed  that  if  ample  ventilation  can  be  furnished  to  carry  off  the 
heal  and  keep  down  the  temperature  in  a  coal  pile,  spontaneous  com- 
bustion will  not  occur.  It  is  the  intermediate  condition  which  is  dan- 
gerous, that  is,  a  condition  in  which  enough  air  is  admitted  to  permit 
the  coal  to  oxidize  and  heat  and  not  enough  to  carry  off  the  heat  as 
rapidly  as  it  is  generated.  For  this  reason  lump  coal  may  be  safely 
stored,  because  there  is  good  circulation  through  the  pile.  On  the 
other  hand,  run  of  mine  often  cannot  be  safely  stored,  not  only  be- 
cause of  the  presence  of  an  excessive  amount  of  fine  coal  which  ox- 
idizes readily,  but  because  the  openings  between  the  lumps  are  tilled 
to  a  considerable  extent  by  the  tine  coal  and  the  free  circulation  of 
air  is  prevented.  Alternate  stratification  of  coars.-  ami  fine  coal, 
therefore,  is  undesirable,  ami  air  passages  formed  by  the  Large  lumps 

rolling  to  the  bottom  of  a  pile  should  be  avoided.  Such  p;iss;iLres  form 
a  dud  or  flue  for  a  sufficient  amount  of  air  to  reach  the  tine  material 
inside  the  pile  to  start   oxidation. 

The  practicability  of  properly  ventilating  a  coal  pile  has  been 
disputed  and  while  the  consensufl  of  opinion  in  the  United  States 
against  ventilation  by  pipes,  u  is  probable  that  many  of  the  opinions 
expressed  are  based  npon  unfavorable  results  secured  through  im- 
properly installed  and  inadequate  ventilation  systems.  .Many  so- 
Called  pipe  ventilation  systems  have  consisted  merely  of  an  Occasional 

pipe  into  which  a  thermometer  may  be  inserted  for  reading  tempera- 
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tores.    There  are  of  record  few  adequate  ventilation  systems  being  in- 
led  in  the  United  States,  because  such  systems  are  expensive  and 
interfere  to  some  extent   with  the  rapid  handling  of  the  coal;  such 
re  also  considered  dangerous. 
It   is  also  stated  by  many  that  closely  packed  coal  is  so  poor  a 
heat  that  fire  may  start  close  to  a  ventilating  pipe,  and 
I   issible  adequately  to  ventilate  a  coal  pile. 
II.  Hibhen*  cites  an  instance  of  apparently  successful  ventila- 
tion* which  he  describes  as  follows:  "In  southern  Texas  several  years 
1  a  large  amount  of  Oklahoma  mine  run  coal  at  Smith- 


Collar 


. 


fr-crHOD  of  Ventilating  Coal  Piles  employed  by  the  Canadian 
Pacific  Kailway 


vil  .     tat  ion  near  San  Antonio.     I  experimented  with  one 

pil<  al  by  placing  one  six-inch  glazed  tile  on  the  bottom  for  the 

the  pile.    This  was  the  ordinary  bell-shaped  tile  and 

i-ut   together  without  cement,  the  ends  butting  against 

In  another  adjoining   pile  an  equal  quantity    of    coal 

!  without,  the  use  of  tile  and  the  result  was  that  in  the  pile 

;  been  placed,  there  was  no  fire,  but  in  the  other 

greal  deal  of  trouble  with  spontaneous  com- 

Hib  farther:  "I  am  of  the  opinion  that  pipes 

produce  the  desired  results." 

A  !i  of  ventilation   installed  in  Canada  by 

■  ':i c  Kailway  i    described  by  Porter!  as  follows: 

i 

f  Al  il   ventilation   If  referred  to  on  page   150. 


THE   STORAGE   OF   BITUMINOUS    COAL  33 

"The  method  in  general  is:  first  to  level  off  a  triangular  piece  of  ground  so 
that  temporary  tracks  may  be  laid  upon  it  and  a  steam  shovel  used  if  desired. 
A  track  is  then  laid  in  and  hopper-bottom  coal  cars  unload  on  this  track,  which 
is  then  raised  on  the  coal  and  the  operation  repeated  until  an  embankment  of 
considerable  height  is  made,  with  an  inclined  track  from  the  apex  of  the  triangle 
to  the  main  line.  When  a  sufficient  height  is  reached,  the  coal  is  side  dumped  or 
side  shovelled  and  the  track  is  gradually  shifted  to  one  side  and  the  width  of  the 
pile  thus  increased  to  any  desired  extent.  The  height  of  the  pile  on  the  approach 
increases  from  nothing  to  about  sixteen  feet,  and  this  latter  height  is  maintained 
for  the  major  portion  of  the  pile. 

' '  As  soon  as  possible  after  each  portion  of  the  pile  reaches  its  full  height  it 
is  ventilated  by  driving  pointed  iron  rods,  iy2  inches  or  2  inches  in  diameter, 
vertically  down  through  it.  After  the  rod  reaches  the  bottom  a  bell-shaped  collar 
is  slipped  over  it"  and  forced  down  about  six  inches  into  the  coal,  as  shown  in  Fig. 
1.  The  rod  is  then  tapped  to  compact  the  coal  around  it  and  to  loosen  the  rod 
itself  and  both  collar  and  rod  are  withdrawn.  A  rough  funnel  of  tar  paper  is 
then  put  in  the  bell-shaped  top  of  the  hole  to  prevent  pieces  of  coal  falling  in 
or  being  washed  in  by  the  rain.  The  walls  of  the  lower  part  of  the  hole  main- 
tain themselves  without  protection,  and  holes  driven  in  this  way  ordinarily  last 
for  many  months.  The  distance  between  the  holes  varies  somewhat  with  the 
circumstances;  but  generally  it  is  about  sixteen  inches  from  center  to  center,  and 
the  cost,  which  is  almost  wholly  labor,  amounts  to  approximately  five  cents  per 
ton. 

"Another  method,  which  is  frequently  effective,  and  in  certain  cases  eco- 
nomically possible,  is  to  pile  the  coal  in  layers  of  about  two  feet,  allowing  each 
layer  to  be  exposed  to  the  air  for  at  least  two  days,  and  if  possible  much  longer, 
before  it  is  covered  by  the  next  layer.  This  method  is  usually  effective  in  prevent- 
ing fire,  if  the  piling  is  done  in  cool  weather,  but  in  midsummer,  particularly  in 
hot  and  sunny  weather,  it  is  of  doubtful  value  to  say  the  least. " 

This  description  is  supplemented  by  Dr.  Porter  in  a  private  com- 
munication, as  follows : 

' '  I  have  had  personal  experience  of  the  storage  in  Montreal  of  very  large 
quantities  of  coal  from  Nova  Scotia  and  elsewhere,  and  of  one  case  in  England 
of  the  Storage  of  Welsh  coal,  where  it  has  been  found  possible  to  ventilate  the 
piles  cheaply  and  effectively  by  air  passage  ways  from  the  surface.  To  my  per- 
sonal knowledge  these  methods  are  still  in  successful  use  on  a  very  large  scale. 

"In  the  majority  of  cases  above  referred  to  the  ventilation  was  arranged 
at  the  time  that  the  coal  was  stored,  but  in  one  or  two  cases  under  my  own  in- 
struction ventilation  was  successfully  applied  to  storage  piles  which  had  begun 
to  heat,  and  in  no  single  case  under  my  observation  was  there  any  difficulty  in 
cooling  the  coal ;  although  in  one  instance  at  least  the  temperature  had  risen  to 
133  degrees  P.  and  was  going  up  with  a  constantly  increasing  rapidity. 

1 '  I  am  confident  that  the  method  can  be  successfully  applied  to  the  great 
majority  of  cases  of  storage.  If  the  coal  is  known  or  suspected  to  be  liable  to 
heating,  the  ventilation  holes  should  be  driven  at  the  time  of  piling  and  should 
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be  inspected  from  time  to  time  to  see  that  they  are  kept  open.    If  the  coal  is  of 

oua  character,  or  if  for  any  reason  ventilation  cannot  be  provided  at 

start,  it   will  suffice  to  make  frequent  observations  of  its  temperature,  and 

ventilate  if  serious  heating  begins. 

1  may  add  that  the  method  referred  to  is  not  of  my  own  invention  or  dis- 

ut  that  circumstances  made  it  possible  for  me  to  examine  and  test  it 
wry  thoroughly  on  a  very  large  scale  with  the  result  that  I  am  firmly  convinced 
that  it  is  a  perfectly  practicable  and  reasonably  inexpensive  method  for  com- 
mercial on  a  very  large  scale. 

••In  spite  of  the  numerous  fires  in  coal  piles  in  Canada  during  1917,  I  am 

mod   that    not   one   single   ventilated   coal   pile   belonging   to   the   Canadian 
Pacific  Railway  has  caught  fire  either  this  year  or  for  several  years.     The  method 

utilation  used  by  the  C.  P.  R.  and  copied  by  various  other  concerns  is  set 
forth  in  detail  in  'The  Weathering  of  Coal/  pages  152-166;  the  only  difference 
t  their  present  specifications  are  somewhat  simpler  as  they  find  that  one- 
inch  holes  suffice  driven  from  twenty  to  twenty-four  inches  center  to  center  in 
parallel  rows.  When  I  described  the  method  the  company  ventilated  its  own  piles, 
but  now  it  does  the  work  by  contract  in  the  majority  of  cases  at  a  cost  of  about 
per  ton.  The  Canadian  Pacific  Railway  Company  stores  from  a  million 
and  a  half  to  two  million  tons  of  coal  each  year;  the  main  part  of  this  coal  being 
piled  in  the  summer  and  used  during  the  winter  and  spring;   and  the  statement 

they  have  no  fires  where  they  ventilate  is  therefore  of  very  great  weight. 
It  is  interesting  to  note  that  at  a  few  C.  P.  R.  storage  points  it  was  not  found 

1  cable  to  ventilate  the  piles  this  year,  and  Mr.  Britt,  the  Fuel  Agent  of  the 
Company,  informs  me  that  at  these  points  heating  has  occurred  and  that  at  the 

important  of  them  (Fort  William)  they  have  had  a  very  bad  fire. 
•  •  Under  ordinary  conditions  the  main  part  of  the  Montreal  coal  supply  comes 
from  Nova  Scotia  in  ships  and  is  quite  cold  when  it  reaches  here;  in  fact  I  have 
seen  ice  in  the  coal  when  it  was  being  loaded  in  these  ships  at  Sydney  in  mid- 
summer. This  cool  coal  is  ordinarily  handled  very  quickly  to  the  storage  piles,  and 
the  piles  themselves  so  laid  out  that  as  little  as  possible  sun-heated  coal  is  buried." 

14,  ng  for  Fires. — The  common  methods  of  testing  for  the 

2  of  a  coal  pile  are: 

1  watching  to  detect  evidences  of  steaming  in  the 

pi] 

By  aoting  the  odor  ^iven  off.    The  bituminous  odor  of 
burning  coal  or  the  odor  of  burning  sulphur  are  evidences  of 

rting  an  iron  rod  into  the  pile  and,  when  drawn 
'■'it,  ji  temperature  by  touching  with  the  hand. 

1       By  noting  places  where  snow  on  a  pile  has  melted. 

maximum  temperature  thermometers  in- 
into  pipef  driven  into  the  pile  at  intervals.    These  pipes 


THE   STORAGE   OF    BITUMINOUS    COAL  35 

should  have  a  conical  plug  in  the  bottom  to  facilitate  driving 
them  into  the  pile.  After  driving  to  the  desired  depth  the  plug 
may  be  withdrawn  and  the  pipe  raised  a  short  distance  from  the 
bottom  of  the  hole  so  that  the  actual  temperature  of  the  coal 
may  be  taken.  The  top  of  the  pipe  should  be  kept  closed  to  re- 
duce the  effect  of  outside  temperatures.  Instead  of  leaving  a 
pipe  in  the  coal  pile  it  is  sometimes  necessary  only  to  drive  it 
and  then  withdraw  it,  the  hole  remaining  open  sufficiently  to 
permit  the  insertion  of  the  thermometer.  This  method  obviates 
one  of  the  greatest  objections  to  pipes  placed  in  the  pile;  i.  e., 
interference  with  the  apparatus  used  for  removing  the  coal. 
Self-registering  thermometers  protected  by  a  metal  casing  may  be 
bought  from  any  dealer  in  scientific  instruments.  They  may  be 
had  graduated  according  to  the  Fahrenheit  or  the  Centigrade 
scale  and  adjusted  to  various  ranges  of  temperature,  the  best 
range  for  this  work  being  from  0  to  220  deg.  F.  The  cost  per 
instrument  is  about  $2.25  without  armor  and  $4.50  with  armor. 

In  the  experimental  work  carried  on  by  Prof.  J.  B.  Porter,  of 
McGill  University,  a  Richard  thermograph  was  also  used  for  record- 
ing temperatures.* 

L5.  Handling  Fires. — Opinions  differ  widely  concerning  the 
critical  or  dangerous  temperature  in  a  coal  pile.  Parrf  says,  "Bi- 
tuminous coal  can  be  stocked  without  appreciable  loss  of  heat  value 
provide*  1  the  temperature  is  not  allowed  to  rise  above  180  degrees 
V."  How  near  to  this  temperature  a  pile  should  be  allowed  to  heat 
is  largely  a  matter  of  judgment.  If  the  rate  of  rise  in  temperature 
is  decreasing  rapidly,  it  may  be  safe  to  allow  the  temperature  to 
approach  180  degrees,  bul  if  the  rise  is  steady  and  regular  it  is  wise 
to  load  out  the  pile  before  this  danger  poinl  is  reached  The  extent 
of  rise  allowable  also  depends  upon  the  means  available  for  Loading 
out.  At  a  plant  equipped  with  large  grab  buckets  or  other  means 
for  rapidly  handling  the  coal  a  higher  temperature  can  1"'  permitted 

than  in  cases  in  which  a  considerable  period  is  necessary  to  ]<>ad  out 
the  eoal.  A  person  in  charge  of  a  certain  kind  of  coal  under  certain 
climatic  conditions   will   with  a  little  experience  he  able  to  determine 


*  l'ort- r,  .r.  B  ,  "Weathering  "f  Ooei,"  An   bivwtigBtloa  »f  the  Coela  of  Canada,  Extra 
V..1.    p,    l  >9,    l  'i~,. 

t  "EfToota  of  Storage  Upon  the  Properties  of  Coal.''      Univ.  of  111     bag     Kxp.  Sta..   Bul. 
97.    pp.    7.    88,    1917. 
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the  danger  point     It   is  impossible  to  set  any  critical  temperature 

which  will  apply  to  all  coals  under  varying  storage  conditions.     One 

fe  rule  is  to  be  ready  to  remove  the  coal  if  the  temperature 

reaches  1">(I  degrees  P.  and  to  load  it  out  if  the  temperature  rises  to 

Water  has  often  not  proved  effective  in  putting  out  fires,  doubt- 
9  y  because  of  the  fact  that  it  was  not  applied  in  sufficient  quantities 
to  cool  the  entire  mass  thoroughly.  An  insufficient  amount  of  water 
will  aggravate  rather  than  stop  an  incipient  fire.  One  large  pile  in 
Chicago  was  soaked  as  completely  as  possible  with  streams  from  river 
fire  togs  and  while  the  fire  was  at  the  time  apparently  extinguished, 

.ran  burning  again  within  two  or  three  days.  If  the  coal  can  be 
spread  out  and  thoroughly  saturated  with  water,  the  fire  can  be  ex- 
tinguished, but  often  there  is  not  sufficient  ground  available  to  permit 
proper  spreading. 

In  a  private  communication  Dr.  J.  B.  Porter  says: 

"I  fully  appreciate  the  fact  that  nearly  everybody  experienced  in  the  stor- 
age of  coal  objects  to  the  use  of  water  for  quenching  fires  in  storage  piles.    I  ex- 
press scepticism  as  to  the  harmfulness  of  water  quenching.     Eecent  information 
strengthens  this  scepticism,  and  I  have  come  across  several  cases  of  successful 
fire  fighting  by  the  intelligent  use  of  water.     The  fuel  agent  of  the  Canadian 
Kail  way  states  that  he  always  recommends  the  use  of  water  if  the  fire  is 
and  particularly  if  it  is  detected  in  an  incipient  stage.     His  practice 
is  to  locate  the  hot  spot  by  driving  test  rods  into  the  pile  and  then  to  dig  a  pit 
one  or  two  feet  deep  right  over  the  center  of  trouble;  to  drive  and  pull  pointed 
pipes  from  it  down  into  the  heating  mass  and  then  to  fill  the  pit 
with  water,  thus  quenching  the  fire  at  its  very  center.     At  the  same  time  if  the 
I  a  large  one  he  surrounds  the  whole  heated  part  with  a  water  curtain  made 
by  dif  ring  diteh  one  or  two  feet  deep  and  perforating  its  bottom  with  a 

row  oi  in  voiitilation.     This  ditch  like  the  central  hole  is  kept  full  of 

in  the  hose,  and  if  there  is  any  tendency  for  the  fire  to  be  driven  out- 
1  from  ti  •  ■  r,  it  is  quenched  by  the  water  curtain. 

'This  method  of  putting  out  a  fire  is  of  course  costly,  but  it  is  enormously 
.-id  h-s.s  eostlj  than   that  of  digging  out  and  results  in  far  less  loss  of 
mater  m  confident  that  it  will  prove  successful  in  any  ordinary 


earbon  dioxide,  have  been  tried  as  fire  ex- 
tinguishing agenl 

16.    (         0  A    ecting  Storage. — In  order  to  determine 

if  t-1  and  the  occasional  fires  resulting  from 

riaka,  I   to  the  fire  departments  of 
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a  number  of  cities.  The  following  cities  report  that  they  have  no 
city  ordinances  covering  the  storage  of  coal :  Bloomington,  Danville, 
Galesburg,   Rockford,    Decatur,   Peoria,   Illinois;    Detroit,   Michigan; 

Terre  Haute,  Indiana;  Buffalo.  New  York;  Superior  and  Milwaukee, 

Wisconsin ;  St.  Louis,  Missouri. 

The  Chief  of  the  Fire  Department  of  Toledo,  Ohio,  says:  "We 
have  no  city  ordinance  governing  the  storage  of  coal,  but  have  had 
several  stubborn,  but  no  disastrous  fires  in  large  coal  piles  due  to 
spontaneous  combustion. ' ' 

J.  C.  McDonnell,  Chief  of  the  Bureau  of  Fire  Prevention  and 
Public  Safety  of  Chicago,  says  ■ 

' '  Every  fall  we  have  fires  due  to  spontaneous  combustion  of  coal  in  piles 
but  this  year  they  started  earlier  than  usual.  Since  July  1,  1917  to  date  (Novem- 
ber 14,  1917)  there  have  been  sixty-three  fires  in  coal  piles  stored  outside  of  build- 
ings. The  quantities  involved  varied  from  20  'to  15,000  tons.  In  fifty  cases  the 
pile  laid  in  the  open  and  in  thirteen  cases  only  a  shelter  roof  was  provided.  There 
were  for  the  same  period  thirty-nine  fires  in  coal  piles  inside  of  buildings.  Thirty 
of  these  interior  fires  were  in  apartment  buildings  and  the  amounts  involved 
varied  from  5  to  1,000  tons;  stored  in  all  cases  on  a  concrete  floor.  In  five  of 
the  inside  fires  provision  was  made  for  ventilating  the  pile  by  means  of  pipes. 
Some  of  the  outside  pilee  ha.lt  been  burning  for  three  months  and  are  still  on  fire. 
One  large  pile  at  the  stockyards  has  completely  ehanged  itself  into  coke.  Water 
lias  no  effect  on  these  fires.    All  the  coal  was  a  poor  grade  of  soft  coal." 

The  City  of  Chicago  has  the  following  ordinance: 

"Coal — Storage  in  Buildings:  Soft  coal  shall  be  stored  away  from  the  brick 
work  of  boilers  and  furnaces  and  shall  be  kepi  only  in  incombustible  rooms." 

The  following  regulations  covering  fire  insurance  on  coal  docks 
show  the  points  to  be  considered  in  connection  with  the  construction 
and  operation  of  such  large  storage  plants: 

Standard  Dock:    Sand  nr  earth  filled,  cement  or  concrete  floor,  with  all  iron 
or  fireproof  luperstnietare,  and  (or)  storage  sneda 

"Hoisting    Apparatus:      To   b [nipped    with   the   'Brown'   or   similar   hoist- 
ing apparatus   with   automatic   shOTOls  or   buckets   known   as  the   'Ham'  or   'Pick 

up'  type,  foi  removal  of  eoal  in  ease  of  fire. 

"Boilers:   To  be  in   fireproof  how 

"Steam  Pipes:    To  be  free  from  wood  or  combustible  material. 
"Lubricating  Oils:     Ifusl   be  limited  to  two  barrels  it*  in  house  expoi 
dock,  sheds,  or  superstructure. 

"Watchmen:    To  report  through   \.  D.  T,  Bjstem  of  signal  utral 

statioi  • 
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•Lighting    or    Power:      If   electricity,   to    be   in    accordance    with    rules   of 
onal  Board  of  Fire  Underwriters. 

Tiro  Protection:     To  be  protected  by  city  water  and  city  fire  department 

private  tire  pump  of  at  least  five  hundred  gallons  capacity  per  minute,  supply - 

_   -  I  inch  main  extending  entire  length  of  dock,  laid  on  'water'  dock  so  as  to 

Ui  properly  drained,  with  sufficient  number  of  hydrants  and  amount  of  2^-inch 

•ached  or  on  cart  to  cover  and  reach  all  parts  of  the  dock,  also  by  standard 

ice. 
iYlograph   Fire  Alarm:      There  shall  be  a  telegraph  fire  alarm  station  or 
within  two  hundred  feet,  with  key  at  the  dock. 

''Fire  Casks     and  Pails  or  Chemical  Fire  Extinguishers:  Should  be  protected 
by  an  adequate  number  of  fire  casks  and  pails  or  approved  chemical  fire  extin- 
guishers (at  least  one  at  every  Engine  or  Motor  room  on  Dock  or  superstructure). 
1  oal :     A  space  of  at  least  two  feet  at  the  base  shall  always  be  maintained 
een  open  piles  of  Bituminous  Slack,  Bituminous  Coal,  and  Anthracite  Coal. 
• '  Anthracite   coal  piled   or   stored   in   frame   covered   or   enclosed   shed  with 
bituminous  coal  shall  take  bituminous  coal  rate. 

•  •  Anthracite    coal   inside    non-fireproof    structure    must    be    separated    from 
bituminous  coal  or  bituminous  slack  outside  of  said  structure  by  at  least  two 
feet  space  at  base  of  piles,   and  fifty  feet   space   from   non-fireproof   structure 
dning  bituminous  coal  or  bituminous  slack. 

1 '  Bituminous    Slack    Coal :      Considering    the    disastrous    experience    on    bit- 
uminous slack  coal  and  the  many  fires  resulting  therefrom,  it  is  not  considered 
within  the  province  of  this  schedule  to  name  a  rate  thereon  in  any  situation; 
and  all  policies  covering  bituminous  coal  should  contain  stipulation  that  the  same 
.ntended  to  cover  bituminous  slack  coal  or  screenings. 
"Bituminous  Coal:     If  placed  on,  in  or  within  two  feet,  if  dock  is  filled, — 
-.vithin  ten  feet  if  dock  is  not  filled, — of  any  frame  building,  shed,  covered  or 
losed  superstructure    (excepting  loading  pockets  or  loading  bins),  or  of  any 
anthracite  coal  or  bituminous  slack,  add  fifty  cents  to  the  base  rate. 

"Bituminous  Slack:     If  placed  on,  in  or  within  two  feet,  if  dock  is  filled, — 
or  within  b  if  dock  is  not  filled, — of  any  frame  building,  shed,  covered  or 

enclosed  superstructure   (excepting  loading  pockets  or  loading  bins),  or  any  bit- 
uminous or  anthracite  coal,  add  one  dollar  to  the  base  rate." 
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V.     Storage  Systems 

17.     Choice  of  a  Storage  System. — In  the  choice  of  a  stor 
system  the  following  points  should  be  considered : 

(1)  The  location,  size,  and  topography  of  the  available 
storage  ground. 

(2)  The  capacity  of  the  desired  installation,  that  is,  the 
amount  of  coal  which  it  is  desired  to  load  and  unload  in  a  given 
time. 

(3)  The  cost  of  the  plant. 

(4)  The  cost  of  maintenance. 

(5)  The  cost  of  operation. 

(6)  The  amount  of  breakage  to  be  permitted  in  handling 
the  coal. 

(7)  The  way  in  which  the  coal  is  received,  in  open  or  box 
cars,  or  in  boaN. 

(8)  The  length  of  time  the  coal  must  be  kept  in  storage. 

(9)  Climate;  in  very  cold  countries  under-water  storage 
is  impracticable  for  a  part  of  the  year. 

The  requirements  of  an  ideal  plant  are : 

(1)  Adequate  ground  area,  so  that  several  sizes  and  vari- 
eties of  coal  may  be  stored  separately.  Separation  into  sizes  has 
not  been  considered  so  important  for  bituminous  as  for  anthra- 
cite coal,  but  it  is  becoming  more  important  because  of  the  in- 
creasing attention  being  •riven  to  preparation  of  coal  for  domestic 
use,  and  because  of  the  fad  thai  danger  of  spontaneous  com- 
bustion is  decreased  by  keeping  different  sizes  separate  in  stora 

(2)  Adequate  facilities  for  rapidly  and  economically  trans- 
ferring coaJ  from  can  or  from  boats  into  Btorag* 

(3)  Adequate  facilities   for  rapidly  and  economically 
claiming  the  coal  and  for  rapidly  moving  any  part  of  the  pile 
which  shows  evidences  of  taking  Are, 

(4)  Adequate  track  facilities,  with  gravity  facilities,  if 
possible,  for  handling  cars. 

5      Means   for   preventing   undue   breakage   in   handling. 
(6)     Facilities   for   rescreening  the  I   coal,  which,  of 

course,  increase  the  cost. 
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(7)  Adequate  available  water  supply. 

(8)  Low  cost  of  installation,  maintenance,  and  operation 
per  ton  of  capacity.  A  storage  plant  is  in  operation  very  ir- 
regularly   and    costs    are   likely    to   be    correspondingly   higher 

ause  of  the  heavy  fixed  charges,  especially  interest  and  de- 
preciation. 

Pew,   if  any,  storage  plants  possess  or  require  all  these  ideal 

nditions.    In  a  coke  plant,  for  instance,  breakage  need  not  be  con- 

,.  except  in  connection  with  spontaneous  combustion,  since  the 

coal   is  ground  fine  before  being  charged  into  the  ovens.     Storage 

s  must  of  course  be  adapted  to  the  various  requirements  and 

limitations  in  coal  yards,  power  plants,  railroad  yards,  boat  docks, 

el  plants,  and  other  establishments. 

18.  Hand   Operated  Storage   Systems. — The   simplest   form   of 
•  •  consists  of  dumping  or  shoveling  the  coal  from  a  car  or  cart 

upon  a  pile  or  into  a  bin  or  bunker,  or  merely  of  dumping  it  on  the 
und.  From  this  pile  it  may  be  shoveled  directly  into  the  furnace, 
or  conveyed  by  wheelbarrow,  scraper,  or  bucket  line  to  the  place  of 
consumption.  Under  this  classification  may  be  included  most  of  the 
if  storage  used  by  domestic  consumers,  retail  coal  yards,  and 
small  power  plants.  The  equipment  required  for  such  a  system  is 
<imple,  and  although  it  is  sometimes  the  only  system  applicable  to  a 
given  situation,  it  is  not  necessarily  the  cheapest  form  of  storage. 

The  quantities  stored  in  hand  operated  plants  are  relatively 
small,  and  the  cost  of  storage  is  not  usually  separable  from  the  other 
operating  costs  of- the  furnace  or  power  plant.  According  to  C.  K. 
Baldwin,*  "In  transporting  by  wheelbarrows,  gangs  should  be  ar- 
ranged to  give  room  for  the  wheeler  to  load  his  own  barrow.  Should 
two  men  load  with  the  wheeler  idle,  add  thirty-five  per  cent  to  the 
time  and  eosl  of  loading;  when  one  loads  with  the  wheeler,  add  twenty- 
five  ]><']•  cent.     In  carrying  loads  up  and  down  a  slope,  add  five  per 

•  for  each  4  degrees  of  slope.     Hauling  by  wheelbarrows  is  more 
economical  than  by  carts  up  to  a  distance  of  about  250  feet." 

19.  Storagt    by    Motor    Truck. — An    interesting   experiment   is 

on  at  the  University  of  Illinois  in  the  stocking  of  Illi- 
nois coal    from    Scam    Number   6   at  Georgetown    under  the   general 

*  Mark  nanical    Engineers'    Handbook,"   p,    1140,    L016. 
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supervision  of  J.  M.  White,  Supervising  Architect,  and  J.  A.  Morrow, 

Superintendent  of  Buildings.  The  annual  consumption  of  the  Uni- 
versity is  about  30,000  tons,  the  daily  minimum  being  50  tons  and 
the  maximum  150  tons.  For  several  years  it  has  been  customary  to 
stock  from  4,000  to  5,000  tons  on  the  ground  in  piles  about  twelve 
feet  high.  The  coal  is  thrown  by  hand  from  railroad  cars  upon  the 
pile,  distributed  by  scrapers,  and  then  hauled  by  wagons  to  the  power 
house.     At  times  fires  have  occurred  in  these  pil< 

At  the  present  time  an  area  114  by  196  feet  is  being  used,  and 
since  this  space  was  formerly  used  for  tennis  courts,  the  base  is  of 
firm,  smooth  clay.  The  storage  space  has  on  three  sides  a  plank  fence 
seven  feet  high,  the  posts  being  tied  by  wire  rope  to  pegs  within  the 
enclosure.  When  the  enclosure  is  filled  to  a  depth  of  fifteen  feet  it 
contains  about  10,000  tons.  This  storage  plat  is  about  one  thousand 
feet  from  the  power  house  where  coal  is  received  and  in  which  is 
located  the  machinery  for  the  necessary  crushing  and  screening  of  the 
coal  prior  to  storage.  The  coal  is  dumped  from  coal  cars  into  a  track 
hopper  from  which  it  is  elevated.  When  intended  for  storage,  the 
coal  is  diverted  from  the  bunkers  which  feed  the  boilers.  If  the  coal 
consists  of  screenings  or  the  size  of  lump  desired  for  storing,  the 
railroad  car  dumps  it  into  a  pit  from  which  it  is  elevated  to  a  bin 
and  then  discharged  into  an  end  damping  motor  truck.  If  lump  coal 
or  a  size  not  desired  for  storing  is  received,  it  is  crushed,  if  necessary, 
and  screened;  then  by  means  of  the  storage  truck  which  holds  3y2 
tons  it  is  taken  to  the  storage  ground.  An  illustration  of  the  storage 
ground  is  shown  as  Fig.  2. 

At  the  storage  plat  a  truck  running  <>n  the  ground  first  builds 
up  a  bed  of  coal  from  two  to  five  feet  thick  from  the  fence  toward  the 
center  as  shown  in  Pig.  3.  When  this  center  becomes  ton  small  to 
provide    space    for    handling    the    truck,    the    operation    continues    on 

top  of  the  first  layer  already  in  place  ;<s  shown  by  Pig.  4,  ami  a  second 

layer  i^  similarly  deposited,  the  bed  thus  being  built  layer  upon 
layer.     To  permit  the  truck  to  work  on  top  of  the  pile  of  coal  a  track 

is  built  of  pieces  of  scrap  plank,  two  by  three  feet,  woven  together 
with  galvanized  wire  or  cable,  as  shown  in  Fig,  l'.    The  cable  is  more 

flexible  but  more  costly  than  the  wire.  This  track  is  in  sections  of 
from  five  to  eight  feet,  and  two  lines  are  laid  on  which  the  truck 
runs.     A  track  of  wire  fencing  has  been  tried,  hut  it  is  not  Stiff  SnOUgfa 

to  provide  a  satisfactory  running  base  for  the  truck. 
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An  effort  is  made  in  storing  the  coal  to  have  it  thoroughly  packed 
and  to  exclude  the  air  as  much  as  possible.     Regular  temperature 

rations  are  taken  with  an  iron  rod.  This  method  differs  from 
the  ordinary  pile  storage  in  the  tamping  of  the  fine  coal  to  exclude 
the  air.  and  the  experiment  is  being  watched  with  a  great  deal  of 
inter 

A  plank  track  for  the  truck  is  laid  between  the  storage  pile  and 
the  power  house,  and  by  rapid  loading  and  fast  driving  a  round  trip 
is  made  in  from  seven  to  eight  minutes ;  thus  nineteen  tons  are  stored 
per  hour.  Three  men  are  used  on  the  pile  for  cleaning  out  the  truck 
and  spreading  the  coal.  The  coal  is  separated  into  two  parts,  screen- 
ings being  placed  on  one  side  of  the  storage  space  and  lump  coal  on 
another,  but  the  two  piles  come  together.  The  coal  is  reclaimed  with 
an  electrically  operated  Jeffrey  wagon  and  truck  loader  (Fig.  5). 

The  expenses  of  handling  are  given  in  the  following  statement: 

Expense  of  Handling  Coal  at  University  of  Illinois  Power  Plant 

Expense  of  labor  for  unloading  coal  per  ton  by  hand  from  flat 
bottom  cars  at  hopper  with  labor  at  25  cents  per  hour. 

Lump    Coal $0.10 

Screenings 0.08 

(With  Motor  Truck  Based  on  15  Tons  per  hour  and  on  Two  Blocks  Haul.) 

pense  of  labor  and  teams  for  loading  screenings  by  hand  and  hauling 
in  wagons  from  storage  pile  to  track  hopper  300  to  500  feet  away,  per  ton. 

Labor $0.13 

Team 0.07 


Total     .      .      .     $0.20 

■nse  of  labor  and  team  for  unloading  screenings  from  bottom 
dump  eara  to  hopper  and  for  loading  wagons  from  overhead  bunker  and 
hauling  to  storage  pile,  300  to  500  feet  away,  per  ton. 

Labor $0.08 

m 0.03 


Total      .      .      .      $0.11 

HI  will  haul  20  tons  per  hour  to  storage  if  loaded  from  over- 
t»unk<T  and  will  return  7%  tons  per  hour  from  storage  pile  to  hopper 
if  loaded  by  hand. 


w  3 


Pig.  -.    Co      St<      ge  Plat  and  Storage  Pile  at  the  University  of  Illinois 


i  3.      I'laciN'  I  I  OF  I  THE 

I '  ISITS   OF  Illinois 


Fig.  4.     Placing  the  Second  Layer  of  Coal  on  Storage  Pile  at  the 

University  of  Illinois 


'■'■    i  on  and  Truck  Loader  Used  at  the 

.  hkHITY   OF  ILLI. 


Fig.  6.     Railroad  Storage  Pile  Showing  Track 
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3.     Railroad  Storage  Pile  Showing  Men  at  Work  Raising  Track 
This  pile  contains  25000  tons  of  coal 
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Expense  of  Storing  Coal  with  Truck 
(Truck  will  handle  nineteen  tons  per  hour) 

Expense  of  hauling    coal    with     truck $>■ 

Expense  of  trimming   pile,    building   roads,    etc., 0.06 

Expense  of  unloading  lump  coal  by  hand  from  flat  bottom  cars, 

crushing,  elevating,  and  loading  trucks 0.20 

Expense  of  unloading  screenings  by  hand  from  flat  bottom  cars, 

elevating,    and    loading    trucks 0.13 

Expense  of  unloading  screenings  from  bottom  dump  cars,  elevat- 
ing,  and   loading   trucks 0.07 

Total      ....     $0.21—0.34 

Expense  of  Kemoving  Coal  from  Storage 

1  Man  running  loader   at   30   cents  per   hour $0.30 

1  Man  running  truck    at   30    cents    per    hour 0.30 

1   Man  leveling  load  at  30  cents  per  hour 0.30 

1  Man  at  top  of  pile  at  30  cents  per  hour 0.30 

-   Men  at  plant  hopper  at  30  cents  per  hour 0.60 

2  Men  at  feeding  loader  at  30  cents  per  hour 0.60 

Truck  operation   and  maintenance 0.60 

Total  expenditure  per  hour $3.00 

Expenditure  per  ton 0.20 

20.  Pile  Storage  from  Cars  without  a  Trestle. — A  method  of 
storage  commonly  used  by  railroads  consists  of  starting  a  pile  on  the 
ground,  and  raising  the  track  gradually  on  top  of  the  coal  pile  until 
a  height  of  from  ten  to  twenty  feet  is  reached,  the  end  of  the  track 
being  supported  on  a  crib  as  shown  in  Figs.  6  and  7.  Fig.  8  shows 
such  a  coal  pile  with  men  raising  the  track.  The  coal  is  reclaimed 
with  a  locomotive  crane,  with  a  steam  shovel,  or  by  hand  shoveling 
into  cars.  This  is  a  simple  form  of  storage,  but  the  conditions  are 
favorable  to  spontaneous  combustion,  because  the  weight  of  the  loco- 
motive and  the  loaded  cars  breaks  up  the  coal  and  produces  fine  ma- 
terial in  the  center  of  the  pile,  while  the  lumps  roll  to  the  bottom 
of  the  outside  slope  and  thus  afford  a  flue  through  which  the  air  may 
reach  the  fine  material. 

Figs.  6  and  7  show  the  effect  of  dumping  side  dump  can  which 
vrere  evidently  so  Loaded  thai  the  lumps  were  on  one  Bide  and  the  fine 

coal  on  the  other.     The  north  side  of  the  pile,   Pig,  7.  contained   tine 
coal  and  the  south  side,  Pig.  6,  the  lumps.     This  pile  took  lire  m  - 
eral  places  and  always  on  the  fine  coal  side. 
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21.  Trestle  Storage— Trestle  storage  consists  of  storing  coal  by 
damping  it  from  railroad  cars  run  upon  a  trestle  underneath  which  is 
located  a  storage  bin.  This  method  of  storage  is  extensively  used  by 
large  retail  dealers  and  by  factories  and  power  plants.  The  coal  is  re- 
ined by  hand,  by  steam  shovels,  by  locomotive  cranes,  by  washing 
with  water  into  conveyors,  or  by  other  suitable  mechanical  means. 
Although  simple  in  construction  and  low  in  cost  of  the  equipment, 
stle  storage  produces  excessive  breakage,  and  unless  drop  bottom 
cars  are  available  the  expense  of  unloading  by  hand  is  high.  It  also 
requires  considerable  space  if  coal  cars  are  to  be  pushed  up  an  incline 
by  a  locomotive,  or  if  some  hoisting  device  must  be  installed. 

Fig.  9  shows  such  a  trestle  arrangement  in  connection  with  a  loco- 
motive coaling  station  as  suggested  by  the  International  Railway  Fuel 
A^ociation. 

.  10  shows  two  systems  of  trestle  storage  and  of  reclaiming 
by  means  of  a  tunnel,  which  may  be  either  above  or  below  ground, 
the  coal  being  fed  by  gravity  into  a  car  or  into  some  form  of  a  con- 
veyor  in  the  tunnel.  The  breakage  is  excessive,  both  in  stocking  and 
in  removing  coal. 

The  introduction  of  a  reloading  tunnel  decreases  the  cost  of 
handling  considerably,  but  with  the  tunnel  above  ground  only  from 
•  I'l  to  35  per  cent  of  the  coal  may  be  reloaded  by  gravity.  With  the 
tunnel  underground  about  50  to  60  per  cent  may  be  thus  loaded  di- 

'ly.  The  cost  of  an  underground  tunnel  plant  is  estimated  as 
trow  65  to  75  cents  per  ton  storage  capacity,  and  if  the  trestles  are 
built  of  timber  the  expense  of  repairs  and  maintenance  is  considerable. 
A  trestle  and  tunnel  system  using  buckets  for  unloading  and  reload- 
in  <j  the  coal  has  certain  advantages  over  the  car  system,  but  is  limited 
in   its  capacity  to  from  500  to  5000  tons. 

amount  of  storage  space  may  be  increased  by  the  building 

bulkheads  along  the  sides  of  piles  as  shown  in  the  upper  sketch  of 

.-.     10. 

According  to  Norris,* 

_••  plant  consists  of  wooden  bins  (Fig.  11)  traversed 
railro.-i'l  tracks,  from   which  the  various  sizes  and  types  of  coal  are  dumped, 
hin.     Reloading  is  usually  accomplished  by  cars  passing 
r  the  bins,  either  on  the  surface  or  more  frequently  in  tunnels. 


Coal."      Trans.,   Am.    Inst     of   M.    B.,   Vol.   38,   p.   340, 


THE    STORAGE    OF    BITUMINOUS    COAL 


49 


' '  To   reduce   the    danger    from   fire,   the   movement    of    the    raloading-ca 
usually  by  gravity  or  by  rope-haulage.     The  individual  bins  an  irily  limited 

in  capacity  to  from  50  to  100  tons  each,  and  an  extensive  plant  covers  a  very 
large  area.  One  such  plant  at  the  seaboard  has  384  bins,  n  loading  into  cars  in 
nine  tunnels,  and  covers  approximately  nine  acres.  Such  a  plant  costs  in  ei 
of  three  dollars  per  ton  of  capacity  to  erect,  requires  an  enormous  amount  of 
timber,  with  resulting  large  fire-hazard  and  high  maintenance-charges,  and  tin' 
operating  expenses  approach  ten  cents  per  ton. 

"A  great  advantage  is  the  practicability  of  storing  many  sizes  and  kinds  of 
coal,  and  keeping  separate  many  small  consignments. " 

The   following   formulas   and   table   are    used   by   the    Link-Bell 

Company  for  determining  the  horizontal    pressure  of  a  pile  of  bi- 
tuminous coal  against  a  retaining  wall.    This  pressure  depends  upon 


/oo '  far/h  f'M     Wooafen  Treat /e  to  erxsr"  c~oa/  Storage 


x  Cog/  Storage  teg/os 


Secr/O/Y 


Fig.  9.     Trestle  for  Coal  Stouage  as  Suggested  by  Fuel  Station 
Committee  ov  the  International  Railway  Fuel  Association 


the  weight  of  the  coal  per  cubic  foot   (assumed  to  be  fifty  pounds 
and  the  depth  of  the  material  at  the  wall,  and  the  slope  «»f  the  surface 
of  the  pile. 

For  bituminous  coal,  let  d  represent  the  depth  in  feet.    Then  with 
surface  of  pile  horizontal  : 

T<»tal  pressure  to  pounds  on  wall  per  fool  of  length— 6.37(P 
Pressure  on  wall  on  lowest   fool  of  depth     6.37   (2d  -1) 

With  surface  of  pile  sloping : 

Total  pressure  in  pounds  on  wall  per  fool  of  length     »10d1 
Pressure  on  wall  on  lowest   foot  of  depth      lu     1<1    -1) 
Angle  of  repose=3o  degree 
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Table  3  gives  these  pressures  in  pounds  for  bituminous  coal  for 
every  foot  of  depth  up  to  50  feet. 

Table  3 

Horizontal  Pressure  Exekted  by  Bituminous  Coal  Against  Vertical 

Retaining  Walls  per  Foot  of  Length 


Horizontal 

Sloping 

Horizontal 

Sloping 

Surface 

Surface 

Surface 

Surface 

Depth 

in 

Total 

-ure 

Total 

Pressure 

in 
Feet 

Total 

Pressure 

Total 

Pressure 

-*ure 

Pounds 

Pressure 

Pounds 

Pressure 

Pounds 

Pressure 

Pounds 

Pounds 

Low 
Foot 

Pounds 

Lowest 
Foot 

Pounds 

Lowest 
Foot 

Pounds 

Lowest 
Foot 

1 

6.4 

10 

10 

26 

4,305 

325 

6,760 

510 

- 

.'.'). U 

19.0 

40 

30 

27 

4,641 

338 

7,290 

530 

3 

32.0 

90 

50 

28 

4,993 

350 

7,840 

550 

4 

15.0 

160 

70 

29 

5,358 

363 

8,410 

570 

57.0 

250 

90 

30 

5,733 

376 

9,000 

590 

70.0 

360 

110 

31 

6,122 

389 

9,610 

610 

: 

S3.0 

490 

130 

32 

6,523 

401 

10,240 

630 

B 

96.0 

640 

150 

33 

6,935 

414 

10,890 

650 

9 

108.0 

810 

170 

34 

7,362 

427 

11,560 

670 

10 

121.0 

1,000 

190 

35 

7,778 

440 

12,250 

690 

11 

134.0 

1,210 

210 

36 

8,253 

452 

12,960 

710 

12 

146.0 

1,440 

230 

37 

8,754 

465 

13,690 

730 

13 

1,07 

159.0 

1,690 

250 

38 

9,193 

478 

14,440 

750 

14 

1,24$ 

172.0 

1,960 

270 

39 

9,682 

490 

15,210 

770 

15 

l.» 

185.0 

2,250 

290 

40 

10,192 

503 

16,000 

790 

197.0 

2,560 

310 

41 

10,669 

516 

16,810 

810 

17 

1340.0 

210.0 

2,890 

330 

42 

11,236 

529 

17,640 

830 

18 

23.0 

3,240 

350 

43 

11,797 

541 

18,490 

850 

l.O 

3,610 

370 

44 

12,331 

554 

19,360 

870 

18.0 

^.0 

4,000 

390 

45 

12,968 

567 

20,250 

890 

_'l 

1.0 

4,410 

410 

46 

13,478 

580 

21,160 

910 

1.0 

4,840 

430 

47 

14,100 

592 

22,090 

930 

7.0 

5,290 

450 

48 

14,679 

605 

23,040 

950 

299 . 0 

5,760 

470 

49 

15,275 

618 

24,010 

970 

312.0 

6,250 

490 

50 

15,925 

631 

25,000 

990 

ight  of  coal  ia  taken  as  50  pounds  per  cubic  foot  in  calculating  this  table. 


In  the  parallel  trestle  system  (Fig.  12)  two  parallel  trestles  from 

to  fifteen  feet  high  are  located  about  thirty  feet  apart.     A  loco- 

ane  runs  on  one  of  these  trestles,  unloads  coal  from  railroad 

n  the  other  trestle,  and  deposits  it  for  storage  in  a  pile  the 

Length  of  which  is  limited  only  by  the  length  of  the  trestle.     The 

and  ti  are  used  interchangeably  on  the  trestles  so  that 

in  consists  of  parallel  piles.     A  pile  of  anthracite 

fcwenty-fh  high,  whose  angle  of  repose  is  27  degrees,  contains 

m  tons  per  running  foot.     For  bituminous  coal  a  pile  of  the 

ght,  with  an  angle  of  repose  of  40  degrees,  contains  63  tons 

per   running  foot. 
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22.  Storage  with  Side  Dump  Cars. — The  Chicago,  Wilmington 
and  Franklin  Coal  Company  at  the  Orient  Mine,  Franklin  County, 
Illinois,  has  installed  a  very  simple  but  effective  storage  Bystem  de- 
signed by  G.  B.  Harrington,  President  of  the  Company,  in  which  side 
air  dump  contractors'  cars  are  used.  These  cars  hold  twelve  cubic 
yards,  but  with  sides  built  twice  the  usual  height  they  have  a  capac- 
ity of  about  twenty-five  tons  of  coal.  In  a  level  field  located  a  short 
distance  from  the  tipple,  an  elevated  track  was  built,  as  shown  in 
Fig.  13,  from  which  the  side  dump  cars  empty  the  coal  alongside  the 


Fig.  10.     Tkkstlf.  and  Tunnel  Systems,  Showing  an  Above  ground  and  a 

Below-guound  Tunnel 


track.  Two  locomotive  cranes  with  two-yard  clam-shell  buckets,  one 
on  each  side  of  the  trestle,  move  the  coal  into  storage  piles  parallel 
with  this  main  elevated  track.  The  dump  ears  are  loaded  at  the  tip- 
ple, as  shown  in  Pig.  14. 

The  purpose  of  this  plant  is  to  permit  continuous  operation  of  the 
mine  on  days  or  parts  of  days  when  there  is  a  failure  in  the  railroad 

car  supply  and  the  mine  would  otherwise  have  to  shut  down.  When 
railroad  cars  are  scarce,  the  air  dump  ears  take  the  output  to  the 
storage  trestle.     The  cranes  move  the  coal  back  into  the  storage  p 


52 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


and  keep  the  dumping  points  clear.  On  days  when  cars  are  plentiful, 
the  process  is  reversed  and  coal  is  loaded  by  the  cranes  from  the 
storage  pile  Into  the  air  dump  cars  which  return  it  to  the  head  of  the 


Fig.  11.     Bin  and  Tunnel  Type  of  Storage  System  with  Bulkheads 

( Reproduced   from   "The   Storage   of   Anthracite   Coal"   by   R.   V.   Norris. 
Trans.  Am.  Inst,  of  M.  E.,  Vol.  38,  p.  314.) 

screening  plant  through  the  medium  of  a  track  hopper  and  elevator. 
In  case  it  is  desired  to  ship  mine  run  coal,  railroad  cars  may  be  loaded 
directly  by  the  cranes  from  the  storage  pile. 


-x. 30"     x- 

TOTAL     CAPACITY    Or  PILE,    WITH  SURfACC   TRACK  OPCN.  40  TONS  PCH  DUHHIHG  rT         '*  " 
"  ••  ••  •'  »       CLOUD.  J5     '.  «  "  '• 


ai  tu  vinous 


ANTMRACITC 


12.     Parallel  Trestle  System  of  Storing  Coal 


ant  could  not  be  located  close  to  the  tipple,  because 
no  level  or  mitabk  ground  was  available,  the  mine  being  situated  on 
a  hill  sid'-. 


s-j 


Fig.  13.     Storage  Track  and  Side  Dump  Cars  at  the  Orient  Mink  of  the 
Chicago,  Wilmington  and  Franklin  Coal  Company 


Pig    i  i.     LoADiM    D      p  <  ii  thi  Tiff       0  M        or  i  hi  i  Jh  i 

Wii.mi  ►  Pi     nki.in   <  l  I4FANY 


Pig.  15.     Side  Hill  System  of  Storage 
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When  not  in  use  for  storage  the  dump  cars  and  cranefl  are  useful 
in  handling  refuse,  ashes,  machinery  and  equipment,  and  for  grading 
and  other  work  at  the  mine. 

The  capacity  of  the  Orient  No.  1  Mine  is  from  4,500  to  5,000  tons 
a  day,  and  the  storage  equipment  described  has  proved  effective  in 


Fig.  16.     Clam-Shell  Bucket   (top)   and  Orange-Peel  Bucket 

helping  to  maintain  a  fairly  uniform  output  with  an  inadequate  and 
irregular  car  supply.     It  takes  about  thirty  minutes  to  load  a  string 
of  fifteen  dump  can  at   tin'  tipple,  to  run  them  down  to  the  stor. 
trestle  about  a  mile  away,  to  dump  them,  and  to  return  the  empty 
cars  to  the  tipple.     The  trestle  and  track  hopper  arc  designed  to 
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save  unnecessary  breakage  and  the  coal  shows  practically  no  degrada- 
tion in  the  few  days  during  which  it  is  held  in  storage. 

In  normal  times  these  dump  cars  cost  about  $1,350.00  each  and 
the  cranes  about  $5,800.00  each.  The  trestle  used  is  about  nine  feet 
high  and  costs  about  nine  dollars  per  running  foot. 

A  number  of  other  varieties  of  dump  cars  has  recently  been 
1  for  similar  storage  purposes  at  other  plants.     In  one  instance 
all  steel  ears  of  thirty  cubic  yards  capacity  have  been  substituted  for 
the  smaller  cars. 

Side  Hill  Storage— -In  the  side  hill  system  of  storage  (Fig. 
15)  a  steep  hill  side  is  utilized,  and  coal  is  unloaded  by  gravity  from 
cars  on  a  track  or  trestle  at  the  upper  side  of  the  storage  yard.  At 
the  bottom  of  the  pile  a  retaining  wall  holds  back  the  coal,  and  be- 
low this  ears  are  loaded  by  chutes  running  into  the  pile.  In  order  to 
increase  the  capacity  of  such  a  plant  a  level  space  is  usually  provided 
k  of  the  retaining  wall,  but  this  produces  a  dead  space  from  which 
the  eoal  must  be  shoveled  and  in  which  when  using  the  chutes  a  large 
amount  of  coal  is  left  as  dead  stock.  While  side  hill  storage  appears 
to  be  ideal  in  its  arrangement  and  possibilities,  there  are  compara- 
tively few  situations  in  which  it  can  be  applied  conveniently  and 
profitably. 

24.  Self -filling  Buckets. — The  type  of  bucket  used  for  hand- 
ling coal  in  connection  with  locomotive  cranes,  traveling  bridges,  and 
other  mechanical  storage  devices  is  a  matter  of  some  importance. 

al  must  be  handled  quickly  and  in  such  manner  as  to  prevent  ex- 
rive  breakage. 

The  two  types  of  self-filling  buckets  most  generally  used  in  the 
[idling  of  coal  are  the  so-called  clam-shell  and  orange-peel  types 
16).    Both  types  are  reported  to  be  satisfactory. 

25.  Ui€  of  Mast  and  Gaff  Arrangement  in  Storage. — In  the 
r  forms  of  coal  handling  machinery  the  ordinary  mast  and  gaff 

Ml  "ig.  17 )  is  cheap  and  efficient  when  rapidity  of  hand- 

ling and  maximum  storage  are  unnecessary. 

ling  cableway    (Fig.   18)    is  more  efficient  so   far  as 
utilization  round  area  is  concerned  but  is  slow  in  stocking  and 

e  long  lengths  of  travel  are  necessary. 


<-  "7 


Pig.  17.     Automatic  Grab  ox  Mast  and  Gaff  with  Shuttle  ('able  Railway 


Kii..  L9.     Locomotive  Crank  with  Clam-shell  Bucket  Unload] 
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26.  Locomotive  Crane  Storage. — The  device  most  generally  used 
for  storage  except  when  very  large  special  equipment  is  necessary, 
is  the  revolving  locomotive  crane  equipped  with  a  clam-shell  or  or- 
ange-peel bucket.  Locomotive  cranes  are  used  particularly  in  large 
industrial  plants. 

Fig.  19  shows  a  locomotive  crane  operating  from  a  low  trestle 
and  placing  coal  either  into  the  bunker  or  on  stock  pile. 


Fig.  18.     Traveling  Cableway 


These  cranes  are  self-propelled  at  the  rate  of  from  four  to  eight 
miles  per  hour,  and  may  also  be  used  for  shifting  cars  over  small 
distances,  thus  eliminating  the  necessity  of  a  locomotive.  They  are 
generally  operated  by  steam,  although  sometimes  electric  power  is 
<mii ployed.  The  revolving  superstructure  is  supported  on  a  base  which 
rests  on  four  to  eight  wheels,  the  eight  wheeled  car  body  being  prefer- 
able for  switching  and  for  general  work.  The  gage  of  the  track  on 
which  these  cranes  run  may  have  to  suit  existing  conditions  at  any 
one  plant,  but  when  choice  is  possible  the  gage  should  be  appn 
mately  as  follows : 

4  feet,  8^2  inches  for  a  maximum  radius  of  swing  of  30  feet. 
14  feet,  6  inches  for  a  maximum  radius  of  swing  of  4.">  f< 
16  feet  for  a  maximum  radius  of  swing  of  60  feet. 
20  feet  for  a  maximum  radius  of  swing  of  100  feet. 
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The  operator,  who  is  on  the  covered  platform,  fills  the  bucket,  and 
as  lie  raises  it  the  crane  revolves  to  the  unloading  point.  The  speed 
of  operation  varies  greatly  with  the  operating  conditions,  but  the  speed 
generally  averages  about  one  bucket  per  minute. 

Prices  of  machinery  quoted  during  war  times  nu^  be  misleading, 
since  they  are  generally  higher  than  in  normal  times  and  they  vary  so 
rapidly  that  any  quotation  given  by  a  manufacturer  holds  for  only  a 
short  time.  On  account,  however,  of  the  extensive  use  of  the  locomo- 
tive crane  for  storing  coal  the  following  prices  quoted  by  several  firms 
in  April,  1917  are  presented: 

( 1 )  Standard  14-ton,  4-wheel  steam  locomotive  crane  with 
boom  35  feet,  4  inches  long  and  double  drums  for  operating 
a  54-cubic-foot  grab  bucket,  f.  o.  b.  Champaign,  $11,475.  This 
crane  will  handle  from  iy±  to  \y2  tons  per  minute,  and  under 
average  operating  conditions  should  easily  make  from  sixty 
ninety  bucket  trips  per  hour. 

2  Fourteen-ton,  4-wheel  steam  locomotive  crane  with 
boom  40  feet,  9y2  inches  long,  and  double  drums,  for  handl- 
ing a  40-foot  grab  bucket,  f.  o.  b.  to  Champaign,  $11,515.  This 
'•lane  will  handle  from  1800  to  2000  pounds  per  minute  at 
about  the  same  rate  as  crane  (1). 

(3)  Standard  8- wheel  crane  with  boom  40  feet,  9y2 
inches,  and  double  drums  for  handling  a  54-cubic-foot  grab 
bucket,  $14,600. 

For  a  small  amount  of  travel  the  4-wheel  crane  will 
handle  as  much  coal  per  day  as  the  8,  but  on  account  of  its 
rigid  base  it  is  not  as  suitable  for  moving  cars  on  curves  or 
over  general  yard  tracks. 

\  Fifteen-ton,  8-wheel  crane  with  boom  40  feet,  9y2 
inches  to  handle  a  50-cubic-foot  bucket  at  40-foot  radius,  net 
shipping  weight  100,000  pounds,  $14,600. 

■  >    Similar  but  heavier  crane  to  handle  40  cubic  feet  at 
fool    radius,  $14,960. 

andard  gage  steam  operated  revolving  locomotive, 
S     heel  double  track  crane  with  50-foot  boom,  and  two-cubic- 
rd  clam-shell  bucket,  $14,300. 

i     Standard  steam  operated  revolving  locomotive 

-Moot  boom  2-cubic-yard  clam-shell  bucket, 
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J.  S.  Shearer,  of  the  Industrial  Works,  Bay  City.  Michigan,  sa\ 

"In  some  cases  a  crane  with  a  45-foot  boom  is  able  to  unload  the  far  en<l 
of  the  car  standing  on  the  same  track  as  the  crane.  At  the  present  time,  however, 
when  cars  are  being  made  longer  than  before,  we  find  it  to  be  almost  always  the 
case  that  a  boom  giving  a  radius  of  fifty  feet  is  necessary.  If  a  crane  is  to  work 
on  a  track  parallel  with  one  from  which  the  coal  is  to  be  taken  a  shorter  boom  is, 
of  course,  possible. 

' '  We  formerly  figured  on  the  daily  operating  cost  as  approximately  one 
dollar  an  hour.  This  contemplates  using  the  erane  ten  hours  a  day  and  in  the 
eost  are  included  the  services  of  an  engineer,  a  helper  on  the  ground,  interest,  de- 
preciation, fuel,  supplies,  And  repairs.  At  the  present  time  when  the  first  cost  of 
equipment  is  higher  and  the  cost  of  all  supplies  higher,  we  think  you  would  have 
to  take  $1.50  to  $2.00  an  hour  as  the  approximate  charge.  Under  average  operat- 
ing conditions  the  crane  would  have  no  difficulty  in  handling  from  forty  to  seventy 
five  tons  per  hour.  This  would  make  the  cost  per  ton  somewhere  around  three 
cents.  We  formerly  fount  1  that  the  cost  averaged  about  two  cents,  sometimes 
being  less  and  sometimes  more." 

The  Storage  of  Coal  Committee  of  the  International  Railway  Fuel 
Association*  says  with  regard  to  storing  with  a  locomotive  crane: 

"We  would  suggest  the  employment  of  a  locomotive  crane  with  clam-shell  or 
similar  device  for  unloading  and  reloading  storage  coal,  where  the  amount  to  be 
stored  is  less  than  five  thousand  tons  and  where  the  daily  issues  are  small  enough 
to  permit  of  its  use.  This  arrangenu  nt  requires  no  preliminary  preparation  an  1 
little  or  no  additional  expense.  The  cost  of  unloading  from  the  road  cars  may 
be  cheapened  when  dump  bottom  cars  are  available,  by  unloading  them  on  tracks 
that  have  been  blocked  upon  old  ear  and  bridge  timbers,  so  placed  and  arranged 
that  the  structure  can  be  raised  bodily  from  time  to  time,  by  the  use  of  a  locomo- 
tive crane,  working  on  an  adjacent  and  parallel  track." 

The  ways  in  which  a  locomotive  crane  may  be  used  in  connection 
with  storage  of  coal  are  numerous,  and  only  some  of  the  typical  ones 
will  be  given.  Catalogs  of  the  manufacturers  of  these  cranes  arc  the 
host  source  of  information  regarding  their  uses. 

At  the  c.al  yards  of  the  Commonwealth  Edison  Company  a  loco- 
motive crane  with  a  two-yard  clam-shell  bucket  will  ordinarily  un- 
load from  ten  to  fifteen  cars  per  day  of  eighl  hours.    One  operator 

3   loaded  as  many  as  twenty-five  cars   in  ton  hours.      The  amount    is 
in  cold   weather  and    in   handling  large  coal.     Two   men  are  em- 
ployed OD  the  crane,  and  two  shovel  out  the  cars  and  clean  the  track. 
The  crane  can  load  faster  than  it  can  unload  the  ears. 

According  to  W.  I>.  Abbott,  Chief  Engineer  of  the  ( Jommonwealth 
Edison  Company  of  Chicago,  that  company  aims  to  keep  in  Btor 
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at  its  various  city  stations  from  100,000  to  150,000  tons  of  coal  and  at 
the  Glenn  storage  yards,  outside  the  city  limits,  about  260,000  tons. 
All  varieties  of  Illinois  coal  are  stored,  but  those  of  southern  Illinois 
are  preferred.  Coal  is  placed  in  storage  and  reclaimed  by  locomotive 
crane  at  an  estimated  expense  of  five  cents  per  ton  for  unloading  and 
five  cents  for  reclaiming.    This  covers  labor  and  materials  only. 

According  to  the  storage  scheme  devised  by  Mr.  Abbott,  coal  is 
stored  on  the  ground  in  continuous  pyramidal  piles  twenty-five  feet 
high,  each  pile  being  between  and  parallel  with  two  pairs  of  railroad 
tracks,  as  shown  in  the  upper  sketch,  Fig.  20.     The  tracks  bounding 
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Vu,.  20.     Arrangement  op  Tracks  and  Storage  Piles  Employed  by  the 
Commonwealth  Edison  Company  in  Open  Storage 


are  eighty  feet,  center  to  center,  and  the  tracks  between  the 
piles  twenty  feet,  center  to  center.  The  crane  can  operate  from  either 
track  while  loading  or  unloading  cars  on  the  parallel  track.  These 
piles  contain  about  thirty  tons  per  foot  of  length. 

tmpany  is  now  preparing  a  new  storage  yard  for  the  ac- 

commodatioi]  of  120,000  tons  of  coal  in  which  the  general  arrangement 

will  be  similar  to  that  shown  in  the  upper  view,  Fig.  20,  with  the  dif- 

pou nd  under  the  coal  space  will  be  excavated  to  a 

pth  of  five  feet  below  the  surface,  and  the  spoil  will  be  used  to  raise 

the  grade  of  the  tracks  five  feet  above  the  ground  level,  thus  render- 
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ing  possible  a  coal  pile  of  a  total  depth  of  thirty-five  feet  and  contain- 
ing forty-five  tons  per  foot  of  length,  as  shown  in  the  lower  sketch, 
Fig.  20. 

27.  Parallel  Track  Storage. — Fig.  21  shows  a  double  track  stor- 
age arrangement  for  a  locomotive  coaling  station,  the  coal  being  piled 
between  the  parallel  tracks,  and  loaded  and  unloaded  with  a  locomotive 
crane. 


Fig.  21.     Parallel  Track  Storage  System 

(Reprinted  from  the  Proceedings  of  the  International  Railway   Fuel  Association) 


Fig.  22.     Railway  Tkestli;  and  <  BT8TBM  Of  BTORJ 

(Reprinted   from  the   Pi  _-s  of  the   International    Railway    Fu- ■'  ition) 


28.  The  TrestU  and  ('rum  System.  Fig.  22  show-  a  combined 
itle  and  Locomotive  crane  system  suggested  by  the  Fuel  station 

Committee  of  the  International  Railway  Fuel  Association.  A  timber 
tie  erected  adjacent  to  the  track  on  which  locomotives  arc  coaled 

and  fireboxes  cleaned   provides  a   runway   \'^v  a   locomotive  cv 

equipped  with  a  clam-shell  or  grab  bucket. 
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The  Committee*  states: 

"It  is  advisable  to  place  a  plank  wall  or  barrier  along  the  side  of  the  trestle 
contiguous  to  the  storage  pile,  to  prevent  coal  from  accumulating  under  the 
trestle,  thus  obviating  the  necessity  of  reclaiming  such  accummulation  by  the 
employment  of  laborers. 

•  ■  Adjoining  the  trestle,  sufficient  ground  is  reserved  for  the  storage  pile, 
which  will  require  a  strip  of  land  about  sixty  feet  wide,  and  varying  in  length 
in  proportion  to  the  capacity  of  the  pile. 

The  plan  provides  for  a  storage  capacity  of  twenty-eight  tons  per  lineal 
foot  of  coal  pile. 

• '  The  operation  of  this  plan  is  as  follows: 

' '  Coal  will  be  delivered  to  the  coal-receiving  track  in  gondola  cars  of  practi- 
rally  any  type,  from  which  it  will  be  removed  and  transferred  to  the  storage  pile 
by  the  locomotive  crane. 

1 '  When  it  is  desired  to  reclaim  the  storage  coal,  the  foregoing  operation  is 
reversed,  the  crane  picking  up  the  coal  from  the  pile  and  reloading  it  in  cars,  which 
are  than  hauled  away  to  be  discharged  at  any  of  the  coaling  stations  served  by 
the  storage  plant.  Or,  if  desired,  this  plant  may  be  used  for  coaling  engines  either 
from  cars  on  the  receiving  track  or  from  the  storage  pile.  It  is  not  considered 
advisable  to  use  this  plant  as  a  locomotive  coaling  station  at  terminals  where  a 
large  number  of  engines  are  coaled,  as  delay  might  be  caused  in  the  rapid  move- 
ment of  engines,  due  to  the  comparative  slowness  of  the  crane  as  a  coaling  device. 
In  the  event  of  a  serious  breakdown  in  the  coaling  station,  the  crane  would  afford 
a  very  good  emergency  device  for  coaling  engines  while  repairs  were  being  made 
to  the  coaling  station. 

' '  From  somewhat  meager  figures  available  it  is  estimated  that  coal  can  be 
ed  from  cars,  or  reloaded  from  storage  at  about  two  and  one-half  cents  per  ton. ' ' 

Fig.  23  shows  a  McMyler  locomotive  crane  placed  on  an  elevated 
traveling  platform. 

The  Clinchfield  Fuel  Company  with  mines  at  Dante,  Va.,  has  a 

ant  at  Spartanburg,  S.  C,  which  has  a  capacity  of  150,000 

tons  and  in  which  from  10,000  to  130,000  tons  are  kept  in  storage  for 

periods  of  from  six  months  to  two  years.     The  storage  plant  is  994 

feet  by  240  feel   with  a  railway  running  through  the  center  of  the 

On  each  side  of  this  trestle  are  tracks  for  a  traveling 

me.     The  trestle  is  approximately  twenty  feet  high  and  incoming 

:1   is  dropped   through  this  trestle  from  hopper  bottom  cars.     A 

McMyler  traveling  crane  with   a  75-foot  boom  and  a  2.5-ton  grab 

bucket  picks  up  the  coal  from  the  foot  of  the  trestle  and  piles.    The 

crane  }.■  pacity  of  two  hundred  ions  per  hour. 

is  floored  with  two-inch  planks  nailed  securely 
to  timbers.  The  tops  of  these  timbers  are  set  flush  with  the  ground  level. 

"Storage  i    tarnations]    Railway   Fuel  Association,"  Vol.  VII, 


Fig.  23.     Locomotive  Crane  Placed  ox  an 
Elevated  Traveling   Platform 
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The  pile  is  continuous,  and  from  thirty  to  forty  feet  high.  The 
expense  of  storing  is  as  follows : 

Unloading  or  Storing  Expense,  June  24-October  4,  1912,  including 
pay  roll,  repairs,  supplies,  power,  depreciation  at  10  per  cent  per 
annum  and  interest   at   5   per   cent.  $8441. 

Tons  handled  125,696;  expenditure  per  ton $0.0671 

Reloading  expense,  October  8, 1912-January  31,  1913      .      .      $8496. 

Tons  handled  129,778;  expenditure  per  ton 0.0655 

Total  average  expense  of  storing  and  reclaiming  at  13.26  cents  per 
ton.  Unloading  expenses  May  1 — August  1,  1914,  tons  handled 
131,949;  expenditure  per  ton 0.0618 

The  coal  is  from  Russell  County,  Va.,  and  is  run  of  mine  with 
about  sixty  per  cent  lump  over  a  two-inch  screen.  No  attempt  is  made 
to  remove  slack.    It  has  the  following  composition : 

Per  cent 

Moisture 2.8 

Volatile    Matter 34.9 

Fixed  Carbon 56.6 

Ash 5.8 

Sulphur 6 

B.  t.  u 14150 

It  is  placed  in  storage  about  six  to  ten  days  after  being  mined  and 
during  the  summer  time;  thus  the  surplus  from  the  mine  is  stored 
when  the  demand  is  below  the  output  of  the  mine,  provides  for  extra 
demand  in  winter,  and  insures  customers  against  strikes  and  other 
contingencies. 

There  is  no  difference  in  the  price  of  stored  and  fresh  coal.  In 
fact  storage  coal  is  sometimes  higher  because  of  "spot''  demand.  No 
material  decrease  in  heating  value  is  noted,  but  there  ua  a  decrease 
of  ten  per  cent  in  lumps.  Slight  heating  occurs  after  three  or  four 
months,  and  in  some  cases  reaches  170  degrees  F.  The  temperature 
is  tested  by  tubes  placed  in  each  pile.  No  means,  however,  are  taken 
to  prevent  heating,  but  if  it  occurs  the  coal  IS  loaded  out  at  once  and 
shipped. 

29.  Circular  Storage. — The  peculiar  adaptability  of  the  locomo- 
tive crane  to  operation  in  a  eircle  and  its  easy  portability  have  led  to 
a  number  of  so-called  circular  storage  systems.  Some  of  these  have 
l d  patented  by  the  .1.  m.  Dodge  Company.     Pig  24  illustrates  ■ 
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Dodge  type  of  circular  system  with  a  capacity  of  from  6,000  to  40,000 
tons.  The  coal  is  dumped  from  a  railroad  car  into  a  track  hopper 
from  which  it  is  taken  by  a  long  radius  locomotive  crane  and  self- 
tilliiiLT  bucket  and  dumped  upon  piles,  the  circular  crane  track  being 
finally  completely  covered.  A  number  of  piles  may  be  joined,  as 
shown.  In  reloading,  the  crane  takes  the  coal  from  the  pile  and  loads 
it  directly  into  the  car.    The  rate  of  handling  in  such  a  storage  system 


Stocking 

Labor  and  supplies  per  ton $0,025 

Power   and   superintendence 0.016 


$0,041 


Eeclaiming 
$0,014 
0.014 


$0,028 


Pig.  24.    Dodge  Type  of  Circular  Storage  System 


varies  from  40  to  200  tons  per  hour,  according  to  the  size  of  the  bucket 

i  crane  used.     The  length  of  the  boom  depends  upon  the  storage 

tired.    The  estimated  expense  of  operation  is  as  follows: 

An  elaboration  of  this  system  by  which  concentric  storage  piles 

may  he  built  up  La  shown  by  Fig.  25.    By  rehandling  the  coal  in  such 

mi  from  oik-  pile  to  another  an  almost  unlimited  capacity  may 

'•ured. 
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Table  4  gives  the  storage  capacity  with  this  system  for  cranes  of 
different  radii  and  for  the  two  conditions,  first  where  the  crane  tracks 
are  covered,  and  secondly,  where  the  crane  trucks  are  left  uncovered. 
The  railroad  tracks  are  assumed  to  be  twenty-seven  feet  center  to 
center  and  the  coal  to  weigh  fifty  pounds  per  cubic  foot. 
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Fig.  25.     Twenty  five-Thousand  Ton  Storage  Flam 


The  storage  plant  of  the  Old  Ben  Coal  Corporation  at  its  No.  9 
Mine  at  West  Frankfort,  Franklin  County,  Illinois,  (Fig.  26)  is  a 
modified  circular  storage.  At  this  mine  five  Bizes  of  coal  arc  prepared 
for  the  market  l»y  means  of  Bpiralizers  and  Beven  <\v.*'<  are  shipped. 

When  there  are  no  can  for  direcl  Bhipment,  the  coal  instead  of 
being  deposited  in  the  shipping  bins.  ,m,  is  carried  by  the  apron  con- 
veyors. /,/>.  delivered  to  a  cross  conveyor,  <■.  and  then  deposited  by  the 
ehnte.  ,iy  upon  the  pile,  e.  It  is  then  taken  by  a  locomotive  crane,  /. 
which  has  a  boom  110  feet  Long  operating  over  a  LOO-fool  radios.    The 

capacity  of  the  plant  is  about  .*>00,000  tons.  By  means  of  an  addi- 
tional track  outside  the  storage  pile,  the  capacity  could  be  greatly  in- 
creased. 
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Table  4 

Capacity  of  Circular  Crane  Storage 

(Link-Belt  Company) 


Radius 
of 

Crane  Tracks  Covered  (Feet) 

Crane 
(Feet) 

10 

15 

20 

25 

30 

35 

40 

35 

45 

50 

60 
65 

7,000 
9,600 
11,500 
15,000 
17,600 
22,700 
25,600 
30,500 
32,600 
39,440 
43,600 
46,300 
53,220 
57,700 
71,300 

12,400 
16,000 
19,500 
24,000 
28,500 
32,800 
39,100 
44,300 
49,700 
56,100 
58,100 
66,540 
74,000 
89,000 

25,300 
29,200 
35,400 
39,100 
46,300 
55,600 
60,800 
68,300 
70,100 
78,800 
89,300 
107,700 

42,100 
46,900 
54,300 
63,800 
69,600 
82,300 
84,250 
92,300 
103,900 
123,800 

70 

80 

83,200 

85 

94,400 

90 

34,500 
39,130 
43,500 
53,500 

96,200 

106,200 

100 

123,000 

1 1  ( » 

142,300 

Radius 
of 

Crane  Tracks  Uncovered  (Feet) 

-  .ne 
(Feet) 

10 

15 

20 

25 

30 

35        40 

35 

6,050 
6,850 
9,280 
11,200 
13,500 
15,900 
19,400 
22,300 
25,300 
30,100 
34,400 
41,500 
43,860 
47,000 
60,100 

40 

8,875 
11,720 
14,000 
17,100 
20,400 
23,700 
29,600 
30,800 
37,600 
41,900 
52,100 
54,500 
60,000 
74,000 

50 



17,600 
21,000 
25,100 
29,100 
34,200 
39,500 
45,200 
50,700 
60,800 
63,000 
69,000 
85,000 

29,600 
34,500 
39,300 
45,800 
53,600 
60,500 
70,800 
72,100 
79,100 
94,800 

70 

61,500 

71,100 

31,200 
32,900 
36,200 
45,500 

80,600 

82,500 

100 

90,600 

110 

106,500 

In  reclaiming,  the  crane  delivers  the  coal  upon  the  pile,  e,  which 

dfl  into  the  boot,  g.    Thence  by  means  of  a  gate  and  feeder  the  coal 

ed  to  the  elevator,  h,  which  in  turn  delivers  it  to  the  apron 

which  returns  it  to  the  screens  and  the  spiralizers.     If 

coal  of  different  sizes  in  storage  is  kept  in  separate  piles, 

but  if  the  plant  is  crowded  all  sizes  are  stocked  together. 

tording  to  D.  W.  Buchanan,  President  of  the  Company,  the 
I  of  such  a  plant  erected  under  war  conditions  would  be  approxi- 
mately |100,000.    The  expense  of  operation  covering  labor  and  sup- 
pi  i'  ing  and  reclaiming  is  about  five  cents  per  ton. 
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At  the  No.  8  mine  of  the  same  company,  coal  is  stored  by  un- 
loading cars  with  locomotive  cranes  upon  piles  parallel  with  the  track 
and  reclaiming  it  by  means  of  the  cranes. 

At  the  mint's  of  the  Old  Ben  Corporation  Located  in  and  near 
Christopher,  a  method  of  storage  similar  to  that  described  as  being 
in  use  at  the  Orient  Mine  of  the  Chicago,  Wilmington  and  Franklin 
Coal  Company  (p.  51)  has  been  established.  This  company  has  two 
mines  at  Christopher  and  two  at  Buckner.    One  mine  of  each  pair  has 


plo.  86.     .\!;i:.\.\(,kmknt  of  the  storage  plant  of  the  old  bln  coal 
Corporation  at  West  Frankfort,  Illinois 

been  chosen  as  a  storage  point  and  the  system  of  storage  employing 
side  dump  cars  and  a  locomotive  crane  has  been  established. 

Many  other  adaptations  of  the  semicircular  or  circular  pile  may 
he  made,  as,  for  instance,  by  placing  the  pile  near  a  power  house  or  a 
coaling  station  si,  that  the  crane  in  reclaiming  can  deposit  the  coal  in 
a  depressed  hopper  from  which  it  is  elevated  into  the  power  house,  or 
coal i n lt  station  |  Pig.  ii7  .  For  Locomotive  coaling  the  crane  may  de 
posit  the  coal  into  an  overhead  bin  Bpanning  the  track  as  shown  in 
Fig.  28. 

According  to  the  Storage  of  Coal  Committee,1 

*  I'roceedmgs,    International    Railway    Fuel    Association,    Vol.    VII  15. 
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•  •  The  locomotive  crane  has  been  adopted  by  the  Louisville  &  Nashville  R.  R., 
three  locations,  where  large  mechanical  coaling  stations  of  reinforced  concrete 

and  steel  construction  have  been  erected  (Fig.  29). 

•  •  The  receiving  hopper  is  enlarged  at  the  back  to  form  a  pit  of  sufficient  size 
to  accommodate  the  grab  bucket  of  the  crane.  The  crane  is  located  on  a  circular 
track  back  of  tins  hopper,  this  track  centering  on  the  hopper.  Coal  is  dumped 
into  the  hopper  from  the  receiving  track,  and  handled  to  storage  by  the  crane. 
In  reclaiming  from  the  storage  pile,  coal  is  picked  up  by  the  crane  and  discharged 
into  the  hopper,  from  which  it  is  handled  to  the  overhead  coal  pocket  in  the  usual 
manner. 
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plo.  27.     semicircular  storage  adapted  to  locations  near  power  house  or 

Coaling  Stations 


ial  crane  of  110  feet  radius  is  used  by  the  Louisville  &  Nashville  R. 
EL,  the  crane  track  gage  being  20  feet.  In  this  way  they  secure  a  22,000  ton  stor- 
age with  a  12-foot  depth  of  pile.  The  crane  uses  a  3% -ton  bucket,  and  has  a 
work  Jicity  of  150  tons  per  hour. 

"An  ordinary  crane  with  a  40  or  60-foot  boom  could  be  used  as  well,  but  of 
course  the  size  of  storage  pile  would  be  reduced  accordingly.  The  smaller  crane 
would  have  some  advantage  in  that  it  might  be  used  for  other  purposes  when 

required  to  handle  .storage  coal. 

' '  For  the  most  economical  operation,  such  a  crane  should  be  electrically 
operated.    Such  a  plant  is  estimated  to  cost  $23,000.00." 


Fig.  2s.     Locomotive  Crane  Reclaiming  Coal  and  Dumping  into  Bins 

above  Railroad  Tracks 
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30.  Steeple  Town's.— Instead  of  a  locomotive  crane  a  steeple 
tower  of  steel  or  wood  (Fig.  30)  may  be  used.  From  such  a  tower  a 
boom  projects  over  the  vessel  or  car  into  which  the  bucket  is  lowered. 
Upon  being  hoisted  it  is  drawn  back  and  dumped  into  a  pocket  from 
which  the  coal  passes  into  a  car,  or  is  transferred  by  some  other 
method  to  the  point  at  which  it  is  to  be  stored  or  used.  These  towers 
may  be  either  fixed  or  movable.  They  usually  run  on  tracks  parallel 
with  the  water  front.  The  booms  are  generally  made  so  that  they  may 
be  drawn  back  when  not  in  use.  With  a  li/2-ton  bucket  such  a  tower 
will  unload  and  deliver  to  conveyors  about  150  tons  per  hour. 
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Fig.  29.     L.  &  N.  R.  R.  Type  op  Mechanical  Coaling  Station 

(Reprinted  from  Proceedings  of  the  International  Railway  Fuel  Association) 

The  storage  yard  of  the  Western  Coal  and  Dock  Company,  Wan- 
kegan,  Illinois,  (Fig.  30)  has  three  towers  which  deliver  coal  into  cars 
running  on  a  trestle  about  the  storage  yard. 

By  extending  the  boom  backward  through  the  tower,  (Fig.  31) 
the  buckets  may  be  discharged  into  cars  or  upon  a  small  stock  pile. 
The  tower  may  carry  a  self-contained  hoist Ing  unit  or  man  trolley 
which  moves  along  the  boom  and  contains  the  drama  and  motors  re- 
quired to  operate  the  bucket. 

31.  The  Hunt  System. — A  common  method  of  transferring  coal 
to  a  pile  is  to  dump  it  from  a  bucket  into  a  bin  from  which  it  is  dis- 
charged into  a  car  which  runs  by  gravity  upon  a  trestle  and  as  it 
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advances  raises  a  counterweight.  Such  a  system  is  illustrated  by 
Fig.  32.  The  car  is  dumped  automatically  by  a  catch  which  may  be 
set  at  any  point  along  the  trestle.  As  soon  as  the  car  is  empty  it  is 
drawn  back  by  the  counterweight  to  its  starting  point  and  is  then 
ready  for  another  load.  By  means  of  a  series  of  radiating  trestles  a 
large  storage  area  may  be  reached  by  this  system. 

32.  Bridge  Storage. — A  common  form  of  transfer  and  storage 
is  by  means  of  a  steel  bridge  which  is  usually  movable  about  the  stor- 
age yard  and  which  serves  as  a  support  for  a  grab  bucket,  a  belt,  or 
other  conveying  devices.  When  both  ends  of  the  bridge  are  movable 
in  a  straight  line,  it  becomes  a  gantry  crane  and  may  be  made  to  cover 
any  desired  length  of  dock  or  storage  yard,  although  because  of  the 
necessity  for  loading  or  unloading  a  cargo  quickly  these  bridges  do 
not  generally  travel  over  great  distances.  Fig.  33  shows  a  simple 
form  of  McMyler  bridge  gantry  crane  fitted  with  an  electrically  oper- 
ated man  trolley  which  serves  a  storage  plant  of  about  50,000  tons. 

A  combination  of  unloading  tower  and  traveling  bridge  utilizes 
to  the  fullest  extent  the  ground  area  available,  gives  maximum  stor- 
age, and  usually  provides  maximum  speed  with  minimum  labor  for 
both  stocking  and  reclaiming.  Steam  or  electricity  is  used  for  motive 
power,  the  choice  being  governed  by  the  expense  of  operation. 

Bridges  may  be  divided  into  four  classes  according  to  the  method 
of  handling  the  coal  on  the  bridge,  as  follows : — 

(1)  Rope  trolley  in  which  the  bucket  is  operated  from  a 
stationary  house  on  the  bridge.  Fig.  34  shows  a  bridge  of  this  type 
built  by  Heyl  and  Patterson  for  the  Reiss  Coal  Company  at  Supe- 
rior, Wisconsin.  The  span  of  the  bridge  is  380  feet,  the  length  of 
travel  at  present  1650  feet,  and  the  storage  capacity  of  the  plant 
4-10,000  to  600,000  tons. 

(2)  Man  trolley  in  which  the  bucket  is  operated  directly 
from  a  moving  cab.  Buckets  holding  from  ten  to  twelve  tons  are 
used  on  this  type  of  bridge.    Fig.  35  shows  two  man  trolley  coal 

ge  bridges  built  by  the  Wellman-Seaver-Morgan  Company 
i'(>v  the  Indiana  Steel  Company,  and  equipped  with  T^-ton 
buckets. 

(3)  Belt  conveyor  type  in  which  the  bridge  serves  as  a  sup- 
port, for  a  belt  conveyor  which,  by  means  of  an  automatic  trip, 
dumps  the  coal  at  any  desired  point. 
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Fig.  30.    Towers  Employed  in  Handling  Coal.  Western  Uoal  and  Dock 
1  ompany,  waukegan,  illinois 


Fig.  31.     Traveling  Tower  or  Direct  Un loader 


Fig.  32.     Hunt  System  of  Handling  Coal 


Bmdoi  Q  i         i.  with   Electrically  Operated  Man  Trolley 


Pig.  34.    Coal  Handling  Plant  of  the  Beiss  Coal  Company  at 
-   periob,  Wisconsin 


M  \  .  T  toi    I      Coal  £   o  B 


Belt  Conveyor  Type  of  Bridge  of  the  Inland  Steel  Company 


Movable  Bridge  with  Side  Dump  Cars 
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The  belt  conveyor  type  of  bridge  is  illustrated  by  Pig 
which  shows  a  large  coal  handling  plant  at  the  works  of  the  Inland 
Steel  Company  at  Indiana  Harbor,  Indiana,  built  by  the  Bob 
Conveying  Belt  Company. 

(4)  Cable  road  bridge  on  which  a  car  runs.  Fig.  37  slmws  ;i 
stem  in  which  the  bridge  moves  over  the  length  of  the  stor 
yard.  Small  side  dump  ears  pass  from  a  track  running  Length- 
wise of  the  storage  yard  upon  the  bridge  from  which  they  arc 
dumped.  The  coal  is  reclaimed  by  a  clam-shell  bucket  operated 
from  the  same  bridge. 

According  to  C.  K.  Baldwin*  the  capacity  of  storage  bridges 
varies  from  100  to  500  tons  per  hour,  according  to  the  size  and  speed 
of  operation  of  the  grab  buckets  or  other  carrying  devices  employed. 
The  capacity  of  buckets  varies  from  two  to  ten  tons,  the  smaller  sizes 
of  from  two  to  five  tons  being  the  more  common.  The  span  of  the 
bridge  usually  depends  upon  the  available  storage  space  and  may  be 
as  much  as  five  hundred  feci.  The  speed  of  the  bridge  varies  from 
50  to  200  feet  per  minute  and  that  of  the  man  trolley  from  500  to  1500 
feet  per  minute. 

Fig.  38  shows  a  system  of  traveling  bridges  designed  by  Roberts 
and  Schaefer  Company,  of  Chicago,  for  the  Clarkson  Coal  and  Dock 
Company  at  Duluth,  Minnesota.  These  bridges  have  a  capacity  of 
three  hundred  tons  per  hour  from  the  vessel  to  the  dock  six  hundred 
feet  distant. 

Pig.  39  shows  a  parallel  track  Btorage  yard  for  a  locomotive  coal- 
ing station  as  suggested  by  the  International  Railway  Fuel  Associa- 
tion Committee f.  The  coal  is  unloaded  and  also  reclaimed  by  means 
of  a  clam-shell  bucket  operated  from  a  traveling  bridge.  Tic  reloaded 
coal  is  delivered  into  a  hopper  at  a  stationary  screening  plant  and 
elevated  to  the  screens  for  preparation. 

Pig.  4i)  shows  the  ground  plan  of  a  Btorage  yard  which  is  designed 
to  handle  as  much  as  20,000  tons  of  storage  coal  at  a  very  low  cost,  by 
the  use  of  a  bridge  and  a  traveling  bucket.    The  coal  is  taken  nut  of 

cars  and   placed   in  Btorage  by   means  of   the   bucket,   the  labor   being 
performed  by  the  regular  COal  chute   force  during  the  dull  seas.>n>  of 

the  year,  thus  reducing  greatly  the  expense  of  Labor.    The  coal 
covered  by  picking  it  up  with  the  bucket  and  delivering  it  to  the  con- 
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veyor  chain  which  discharges  it  directly  into  the  receiving  hopper  of 
the  chute. 

The  following  estimate  for  the  expense  of  stocking  with  a  bridge 
tramway  is  given  by  the  Link-Belt  Company  (cost,  interest,  and  de- 
preciation not  included)  : 

Labor  and  Supplies  for  stocking  per  ton $.041 

Power   and   Superintendent's   expenses 014 

Total $.055 

Labor  and  Supplies  for  reclaiming  per  ton 0385 

Power  and  Superintendent's  expenses  per  ton 0130 

Total $.0515 

It  is  often  desirable  to  screen  the  coal  before  it  is  reshipped  from 

ge.  The  screening  plant  may  be  carried  by  the  bridge,  or  it  may 
be  a  separate  movable  structure.  Fig.  41  shows  a  movable  screening 
plant,  built  by  the  Link-Belt  Company  for  the  Berwind  Coal  Com- 
pany, at  Duluth,  Minnesota. 

A  bridge  is  also  applicable  to  storing  in  a  circular  pile.  In  such 
a  case  one  end  of  the  bridge  is  pivoted  and  the  other  end  moves  on  a 
circular  track  about  the  pivot  as  a  center.  Instead  of  covering  a  corn- 
re  circle  this  bridge  may  be  used  to  cover  any  arc  of  a  circle  desired. 
A  swivel  bridge  designed  to  operate  in  a  semi-circle  is  shown  by  Fig. 
\-.  Coal  dumped  into  the  pit  at  the  side  of  the  receiving  hopper  is 
picked  up  by  the  grab  bucket  on  the  bridge,  and  placed  in  storage. 
In  reclaiming,  the  coal  is  picked  up  by  the  bucket,  brought  back  to  the 
receiving  hopper,  and  elevated  to  an  overhead  storage  bin. 

This  type  of  equipment  is  suited  to  a  much  larger  storage  pile 
and  greater  handling  capacity  than  the  locomotive  crane,  but  is  more 
ensive  to  operate. 

swivel  bridge  would  probably  be  less  economical  than  the 
locomotive  crane  for  the  handling  of  quantities  within  the  capacity  of 
the  latter  apparatus  but  can  be  advantageously  employed  for  larger 
quanti  Coal  may  be  handled  at  very  little  expense  by  a  bridge 

whei  rtric  power  is  available. 

t  *  of  swivel  bridges  above  the  rails  was  given  in  1915  as 
fro  000,  for  a  bridge  of  100-foot  span,  to  $50,000,  for  a  bridge 

of  250-fo  i;  the  capacities  ranging  from  one  hundred  to  three 

hundred  ton  >al  per  hour. 

Railway  Fuel  Association,  Vol.  VII,  pp.  159-160,  1915. 
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Fi<i.  38.     Traveling  Bridges  op  the  Clabkson  Coal  and  Dock  Company. 

DULUTH,    Minx. 
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Figs.  43  and  44  show  a  pivoted  bridge  built  for  the  Milwaukee 
Coke  and  Gas  Company  by  the  Robins  Conveying  Belt  Company.   The 

semicircular  concrete  track  on  which  the  movable  end  runs  has  a  500- 
foot  radius.  The  coal  is  elevated  by  an  enclosed  inclined  belt  conveyor 
which  delivers  it  into  a  bin  in  the  pivoted  tower  (Fig.  43).  The  coal 
is  then  put  into  storage  by  a  belt  conveyor,  a  tripper  on  the  bridge 
depositing  it  at  any  desired  point  in  the  storage  field.  It  is  reclaimed 
by  means  of  a  six-ton  bucket. 

In  order  to  get  as  much  coal  as  possible  under  the  bridge,  a  slight- 
ly inclined  bulkhead,  (Fig.  45)  from  twenty  to  twenty-five  feet  high, 
was  built  on  both  sides  of  the  semicircular  track  and  also  around  the 
outer  edge  of  the  pile.  This  bulkhead  is  made  of  boards  and  timbers 
projecting  into  the  coal  pile  as  shown  in  Fig.  46.  When  this  method 
of  bulkheading  was  first  attempted  there  was  a  number  of  serious 
fires  in  the  pile,  probably  caused  by  the  circulation  of  slow  currents 
of  air  through  cracks  between  the  planks.  This  difficulty  has  been 
overcome  by  studying  the  matter  of  sizes  suited  to  storage  and  by  clos- 
ing the  cracks,  with  reference  to  which  J.  F.  Blackie,  superintendent 
of  the  plant,  says: 

"It  has  been  our  experience  that  a  coal  from  two  inches  up  in  size  allowed  a 
flow  of  air  which  cooled  the  pile  rather  than  promoted  combustion,  and  that  fine 
coal  prevented  air  circulation  and  did  not,  therefore,  fire,  but  wherever  the  smaller 
lumps   accumulated   fires    started.      When   all   the    cracks    in    the    bulkhead    « 
plastered  with  nine  parts  of  coal  dust  and  one  part  cement,  fires  were  eliminated." 

The  Milwaukee  Coke  and  (las  Company  has  been  storing  each 
y.ar  for  the  past  ten  years  400,000  tons  in  one  pile  and  '2~)0,0Q0  tons 
in  another,  the  coal  mixture  consisting  of  65  per  cent  West  Virginia 
and  Kentucky  coals  averaging  33  per  cent  volatile  and  35  per  cent 
Pocahontas  averaging  18  per  cent  volatile.  During  the  Slimmer  of 
1917  it  also  stored  Illinois  coal  in  the  same  manner. 

A  method  of  unloading  coal  employed  by  the  Canadian  Pacific 
Railway  at  Fort  William,  Ontario,  is  illustrated  by  Pig.  47.  The 
eqnipmenl  consists  of  two  Hnletl  onloaders  with  buckets  of  8  tons 
capacity.  The  coal  is  rehandled  from  the  stuck  pile  under  the  on- 
loaders by  means  of  a  large  bridge,  and  stored  in  piles  for  future 
The  bridge  baa  a  span  of  285  feel  with  cantilevers  approxi- 
mately 1"><)  feet  Long,  is  equipped  with  a  man  trolley  which  handles 

nine-ton   bucket,   and    is   used   both    for  Btocking   the  Coal   and    for   re- 
claiming. 
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I.  Deep  Reinforced  Concrete  Storage  Bins. — A  storage  plant 
of  unusual  design  is  that  of  F.  W.  Stock  and  Sons  of  Hillsdale, 
Michigan.  It  consists  of  reinforced  concrete  bins  28  feet  in  diameter 
and  70  feet  deep  built  in  pairs.  Hopper  bottom  cars  are  unloaded 
through  a  track  grating,  the  coal  is  carried  by  belt  conveyor  to  a 
Y -bucket  elevator  and  dumped  from  the  elevator  head  into  the  bins. 
A  small  pocket  on  the  side  opposite  the  elevator  leg  is  used  for  an- 
thracite coal  for  domestic  use.  The  bins  are  roofed  and  the  construc- 
tion is  such  as  to  prevent  the  free  circulation  of  air  (Fig.  48). 

As  a  precaution  against  fire  each  bin  has  six  1-inch  pipes  set 
vertically,  each  pile  being  open  at  the  top  and  having  three  or  four 
side  openings  at  intervals.  These  pipes  are  connected  to  a  pressure 
water  line  so  that  it  is  possible  to  flood  the  bins  if  necessary  to  ex- 
tinguish  a  fire.  The  bins  are  designed  to  withstand  the  pressure  of 
coal  having  the  interstices  filled  with  water. 

The  estimated  cost  of  the  plant,  complete  with  machinery,  is 
>1>,000.  The  capacity  is  about  2000  tons.  Records  covering  the 
expense  of  operation  are  not  available,  but  the  opinion  is  expressed 
that  the  expense  will  be  less  than  that  of  open  pile  storage,  even  when 
the  interest  on  the  investment  is  included. 

34.  Under -water  Storage. — Because  of  the  liability  to  spon- 
taneous combustion  of  coal  storage  piles  exposed  to  the  air,  under- 
water storage  has  been  used  to  some  extent.  Thus  far  this  method 
has  been  applied  exclusively  to  the  storage  of  screenings. 

The  consensus  of  opinion  is  that  coal  stored  under  water  deterior- 
ates little,  if  any,  in  its  chemical  properties  and  in  heat  value.  Pro- 
Parr*  says: 

; '  Underwater   storage  prevents  loss  of  heat  value  and  is  not  accompanied 

Loration  in  physical  properties  such  as  slacking.     The  water  retained  by 

the  coal  upon  removal  is  substantially  only  that  held  by  adhesion  or  capillarity. ' ' 

This  opinion  is  concurred  in  by  a  number  of  other  writers,!  and 
opinions  i  ed  in  the  questionnaire  are  unanimous  upon  this 

point. 

-v  Ti •"  presenl  time  there  is  a  number  of  under-water  storage 
P]ants  *""!  others  are  tinder  consideration.    The  general  adoption  of 

f)-  :""'   ,,|f'   Properties  of   Coal."      Univ.   of   111.   Eng.    Exp.    Sta.,    Bui. 

>entifie    Press,    March    L5,    L913;    Bennet,   A.,   The   Black 
riM-l,    III!,;    Pulm^rberg,   \\  .,    Proceedings,    International    Railway  Fuel  Associa- 
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under-water  storage,  however,  seems  to  be  influenced  by  the  e 
One  of  the  largest  elements  of  cost  is  that  of  a  suitable  storage  pit 
which  may  be  an  excavation  made  in  solid  ground,  a  dammed  de- 
pression, an  old  quarry,  or  an  abandoned  clay  pit.  An  abandoned 
quarry  or  clay  pit  has  the  advantage  of  Baying  the  expense  of  ex- 
cavation but  there  may  be  a  considerable  item  of  expense  for  cleaning 
out  the  old  excavation.  A  quarry  has  solid  but  irregular  walls,  but 
if  these  are  made  even  and  the  quarry  cleaned  out,  it  forms  an  ex- 


Zapouty     500,000    Tons 
46  Acres 


Fig.  39.     Parallel  Track  Storage  Yard  for  a  Locomotive  Coaling  Station 

(Reprinted   from   the   Proceedings   of  the   International    Railway    Fuel   Association) 
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Fig.  40.     Layout  of  STORAGE  Yard  for  Locomotivf.  Com.  STATU 
rinted  from  t.;  _--  of  1 1 1 » -  International  Railway  Fuel  Association) 


cellent  place  for  storage.  A  day  pit  has  the  disadvantage  of  aofl 
walls,  unless  it   is  Lined  with  timber  or  concrete.     Several  quarries 

have  1 n  used  for  storage  purposes,  and  apparently  with  bucc 

These  old  quarries  arc  frequently  fed  by  springs,  so  that  the  water 
supply  is  assured  but  is  generally  no1  sufficient  to  cause  an  overflow. 
One  of  the  latest  plants  has  utilized  a  pit  excavated  in  an  ugh 

which  has  been  dredged  out.  In  this  case  the  eost  of  excavation  was 
low  and  a  permanenl  water  Bupply  assured.  One  drawback  to  under- 
water Btorage  lies  in  the  freezing  of  the  water  during  winter,  or  if 
the  surface  does  uo1  freeze  the  wel  coal  may  u-<'c/.i>  while  handling. 
s,»  far  as  reported,  however,  freezing  has  qoI  been  found  troub 
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in  the  vicinity  of  Chicago  and  other  Middle  West  cities  near  which 
many  of  the  under-water  storage  plants  are  located. 

A  pioneer  in  nnder-water  storage  was  the  Western  Electric  Com- 
pany, Chicago,  Illinois.  This  company,  after  a  number  of  fires  in  its 
bunkers  at  the  Clinton  Street  plant,  built  in  1902  a  concrete  pit  with 
a  capacity  of  3000  tons.  It  was  not  water-proof,  but  the  water  level 
in  the  pit  was  maintained  by  an  intake  from  the  Chicago  River.  Coal 
was  stored  in  this  pit  during  the  winter  months  and  used  during  the 
early  summer  without  appreciable  loss  in  weight  or  trouble  in  burning 
the  coal. 

In  connection  with  its  extensive  new  plant  at  Hawthorne,  Illinois, 
the  Western  Electric  Company  in  1906  provided  a  concrete-lined  pit 
having  a  capacity  of  10,000  tons.     This  pit,  shown  in  Figs.  49  and 
50,  occupies  a  ground  area  of  310  by  114  feet,  and  is  divided  into 
three  parallel  sections  by  concrete  arch  partitions.    It  is  about  fifteen 
feet  deep,  and  the  bottom  is  inclined  since  rock  was  encountered  in 
sinking  the  pit.     Water  is  provided  from  the  roofs  of  the  adjacent 
factory  buildings.     Three  railroad  tracks  are  carried  on  the  arched 
piers  and  extend  the  entire  length  of  the  pit,  and  there  are  two  rail- 
road tracks  on  each  side.    Coal  is  unloaded  into  the  pit  by  hand  at  an 
expense  of  five  cents  per  ton.    A  locomotive  crane  with  a  grab  bucket 
reclaims  and  reloads  the  coal  at  an  expense  of  about  four  cents  per 
ton.     Loaded  cars  stand  on  the  tracks  from  twenty-four  to  forty- 
'it  hours  to  allow  the  water  to  drain  off  into  the  pit.    Illinois  screen- 
of  one  inch  or  one  and  one-half  inch  size  are  stored. 
According  to  The  Colliery  Engineer*  the  original  construction 
rt  of  a  pit  of  this  description  was  about  $7,000,  for  each  thousand 
opacity.     Later,  when  the  company  considered  extending  the 
plant  by  building  a  pit  which  would  hold  about  22,000  tons,  the  cost 
on  was  found  to  be  about  $60,000,  including  the  crane 
and  accessary  railroad  tracks. 

Another  pioneer  in  under-water  storage  is  the  Illinois  Traction 

apany  which  has  two  plants,  one    at    Riverton    and    another    at 

The  one  at  Riverton  holds  approximately  9,000  tons 

and    the   one   at    Mackinaw   approximately   16,000   tons.      The   con- 

<n   of  these    pits   is  shown   in  Fig.   51.     The  floor  of  the  pit 

Instrated  is  275  feel  by  80  feet  and  the  tank  is  319  feet  by  128  feet. 

Ill   be   found   in  Electric  Railway  Journal,   April 
'"•   •JM  January,    1915. 
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The  water  is  pumped  from  the  Sangamon  Kiver  by  a  motor-driven 
centrifugal  pump,  and  the  water  in  the  pit  may  be  drained  out  when 
desired  through  a  ten-inch  valve.  The  center  trestle  is  of  yellow 
pine  twenty-four  feet  high,  extends  the  full  length  of  the  pit,  and 
rests  on  concrete  with  steel  rail  reinforcing.  The  floor  between  the 
trestle  bents  is  also  reinforced  with  rails  placed  four  feet  apart.  The 
Riverton  pit,  similar  in  construction,  is  twenty  feet  deep,  the  bot- 
tom being  80  feet  by  185  feet  and  the  top  124  feet  by  225  feet.  The 
concrete  bottom  lias  triangular  mesh  reinforcement  instead  of  rails 
and  underneath  it  are  concrete  foundations  for  the  bents.     The  con- 


Fig.  42.     Swivel  Bridge  Designed  fok  Semicircular  Pile 

(Reprinted  from  the  Proceedings  of  the   International    Railway    Fuel  Association) 

crete  has  a  one-inch  wearing  surface,  two  per  cent  of  which  is  a  water- 
proofing compound.  R.  J.  Carley,  chief  operating  engineer  of  the 
Illinois  Traction  System,  reported  in  1913  that  little  trouble  was  ex- 
perienced  in  holding  the  water  in  the  Riverton  pit  and  thai  there  was 
little  deterioration  of  the  coal  There  was  considerable  trouble  in 
holding  th»'  water  in  the  pit  at  Mackinaw,  and  coal  in  Btorage  there 
for  <>nc  period  of  about  eighteen  months  slacked  considerably  because 
of  the  lack  of  water.  The  difference  in  tightness  was  thought  to 
due  to  the  better  water-proofing  at  the  Riverton  pit.  The  Mackinaw 
pit  required  a  Bmall  amount  of  excavation  and  cost  (14,300  or  about 
10  per  1000-ton  capacity.    The  Riverton  pit  cost  $11,000  or  about 
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per  1000  tons.  The  Riverton  pit  was  situated  so  that  it  was 
necessary  to  build  only  earth  embankments  to  hold  the  concrete  re- 
taining walls. 

The  Illinois  Traction  Company  stores  coal  of  all  sizes  from  the 
Worden  district,  Illinois,  and  keeps  it  in  storage  for  from  six  months 
to  three  years.  There  is  no  appreciable  loss  in  heat  value,  and  there 
is  no  appreciable  breakage.  The  total  expense  of  operating  these 
plants  is  14.6  cents  per  ton  for  storing  and  7.8  cents  for  reclaiming. 
The  Company  also  stores  coal  upon  the  ground  in  continuous  piles 
fifteen  feet  deep  and  in  case  of  heating  removes  the  coal  from  the 
affected  spot. 

The  American  Zinc  Company  of  Illinois  stores  35,000  tons  in  a 
lake  at  its  Ilillsboro  plant,  the  coal  being  dropped  into  the  water 
through  a  plate  girder  bridge,  and  reclaimed  by  a  centrifugal  pump 
which  delivers  it  into  a  dewatering  elevator.  The  coal  keeps  in  ex- 
cellent condition  under  water  and  contains  practically  no  more 
moisture  when  reclaimed  than  when  freshly  mined.  The  company 
■  cariies  a  stock  of  from  thirty  to  forty  cars  of  coal  which  lies  on 
the  ground  for  not  more  than  thirty  days.  According  to  A.  Ives, 
perintendent,  coal  stored  in  the  open  deteriorates  so  rapidly  that 
it  is  almost  useless  for  gas  making. 

The  East  St.  Louis  Light  and  Power  Company  cleaned  out  an 
old  rock  quarry  adjacent  to  its  power  station  in  which  about  7,000 
tons  of  coal  are  stored  under  water.  This  plant  has  been  operating 
tisfactorily  except  for  some  slight  difficulty  due  to  freezing  in  the 
winter.  There  is 'also  some  difficulty  due  to  freezing  in  the  bunkers. 
National  Zinc  Company  of  Springfield,  Illinois,  utilizes  an 
old  clay  pit  about  250  feet  wide,  450  feet  long,  and  45  feet  deep 
which  has  a  capacity  of  about  30  car  loads.*  This  pit  formed  a 
natural  sink  in  the  surrounding  prairie,  and  was,  therefore,  usually 
filled  with  water  to  a  point  about  five  feet  from  the  top.  The  sides 
and  bottom  arc  of  comparatively  hard  shale.  A  railroad  track  paral- 
lels the  longer  Bide.  The  track  is  carried  on  a  low  trestle  over  an  un- 
loading chute,  sufficiently  wide  to  accommodate  one  car.  The  bottom 
the  chute  has  a  slope  of  ten  per  cent  toward  the  pond,  and  the  out- 
let into  the  pond  is  about  four  feet  wide.  At  the  top  end  of  the  chute 
i-  a  ten-inch  pipe  haying  four-inch  holes  in  the  side.  This  pipe  is 
attached  to  a  ten-inch  centrifugal  pump  which  delivers  about  3,500 

plant  will  be  found  in  Mining  and  Scientific  Press,  p.  406, 
;.d  in  The  c„ni,  r  ,,    299,  January,   1915. 


Fig.   13.     Pivoted  Bridgi  of  the  Milwaukee  Coke  and  Gas  Company 


H.     Vikw  Looking  toward  Pivoted  End,  Bridge  of  the  Milwaukee 
Coke  and  Gas  Company 
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Pig.  45.     Bulkhead  at  the  Storage  Plant  of  the  Mjlwaukj  and 
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\1 .     bulett  unloaders  of  the  canadian  pacific  railway  at 
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Pio.  18.     Eli       obc]  i>  Conch 
Bill8Dah,  Michigan,  Designed  and  Built  by  Macdonald  Bngu 
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Pig.  49.     View  of  the  Underwater  Storage  Pit  of  the  Western  Electric 
Company  at  Hawthorne,  Illinois 
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Fig.  .",l'.     Btoraoe  Pit  of  the  New  Kentucky  Coal  Company,  Kankakee, 

Illinois 


Pio.  53     '"  i  Btoba(     P     o      b     i    manapolib  Light  and  Heat 

Ooxfaj 


3toeage  Pit  of  the  Metropolitan  Water  District  of  Omaha 
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Ions  per  minute.  When  a  loaded  car  is  placed  on  the  trestle,  two 
men  open  the  drops,  section  by  section.  This  action  throws  most  of  the 
1  into  the  chute,  and  the  water  backs  into  the  chnte  until  the  ac- 
cumulation  is  sufficient  to  move  the  whole  mass  of  material.  "When 
the  bulk  of  the  material  has  moved  out,  the  men  close  a  valve  in  the 
pipe  to  the  chute,  and  throw  the  whole  stream  of  water  directly  into 
the  car  to  clear  it.  The  whole  operation  of  unloading  a  car  requires 
on  the  average  about  ten  minutes. 

In  reloading,  the  coal  and  water  are  pumped  directly  into  the 
elevator  boot  which  is  placed  in  a  hopper-shaped  hole  excavated  in 
the  ground  and  lined  with  plank,  and  the  water  is  forced  to  travel 
slowly  around  the  hopper  before  finding  its  way  back  into  the  pond. 
The  coal  pump  is  placed  on  a  barge  15  feet  by  40  feet  and  is 
belted  to  a  50-horse-power  motor.  Both  the  suction  and  discharge 
are  light  spiral  riveted  iron  pipes,  which  though  short  lived  provide 
se  of  its  manipulation.  The  discharge  pipe  is  carried  on  pontoons 
made  from  oil  barrels.  One  operator  on  the  barge  finds  no  difficulty 
in  moving  the  pipe  around  as  the  ground  is  worked  out. 

J.  Kaercher,  of  the  National  Zinc   Company,  reports  that  the 
■ense  of  storing  at  present  is  ten  cents  per  ton  and  the  expense 
of  reclaiming  ten  cents  per  ton.    The  coal  is  kept  in  storage  indefin- 
itely and  different  sizes  are  stored  without  being  separated.     The 
coal  stored  is  to  be  used  for  the  production  of  producer-gas,  and  there 
3  been  no  appreciable  deterioration. 

The  New  Kentucky  Coal  Company  at  Kankakee,  Illinois,  has  a 

complete  under-water  storage  plant,  built  according  to  the  plans  of 

Mr.  liar  wood,  its  vice-president  and  general  manager.    An  old  lime- 

ue  quarry  was  utilized  as  the  storage  pit,  the  water  being  supplied 

from  springs  which  keep  the  quarry  full.     The  shape  of  the  basin  is 

elliptical,  being  about  700  feet  long,  310  feet  wide,  and  30  feet  deep. 

the  rock  was  channeled,  the  sides  are  in  excellent  shape  and  are 

ilar.     A  view  of  this  pit  is  shown  as  Fig.  52.     Water  obtained 

from  pipes  along  the  track  is  used  to  flush  the  coal  out  of  the  cars 

:  down  the  chute  into  the  pond.     As  the  coal  piles  up  around  the 

Lte,  it  is  pumped  out  into  the  quarry  by  means  of  a 

inch  centrifugal  pump  operated  by  a  75-horse-power  motor,  the 

pump  ami  thi  r  being  mounted  on  a  barge.     The  pipe  line  con- 

sctional    pipe,  ten    inches   in    diameter,   which   rests   on 

ponl 
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To  reclaim  the  coal  the  process  is  reversed  and  the  coal  is  pumped 
from  the  quarry  into  the  concrete  pit  at  the  base  of  the  inclined 
elevator.  When  this  pit  is  filled  with  coal,  the  water  overflows  back 
into  the  quarry.  Coal  from  the  pit  is  elevated  by  a  flight  conveyor 
of  perforated  buckets  through  which  much  of  the  water  drains  and 
is  delivered  into  cars  on  the  railroad  track.  In  the  small  house  at  the 
left  of  the  elevator  (Fig.  52)  is  a  six-inch  centrifugal  pump  operated 
by  a  25-horse-power  motor  which  pumps  the  water  needed  for  flushing 
the  coal  from  the  cars  and  down  the  chutes.  The  storage  capacity  is 
estimated  to  be  from  200,000  to  250,000  tons  of  coal  and  it  is  stated 
that  about  2,000  tons  per  8-hour  day  can  be  unloaded  and  1500  tons  re- 
claimed. Coal  of  sizes  under  three  inches  can  be  handled  by  the  equip- 
ment. Unfortunately,  the  plant  has  not  been  operated  owing  to  lack  of 
coal  supply.  Three  men  are  required  to  operate  the  plant  and  the  cost 
is  estimated  to  be  from  seven  to  ten  cents  per  ton  for  unloading  and 
reclaiming.  The  equipment  cost  about  $20,000,  including  the  switch 
track  and  trestle,  but  at  the  present  time  the  same  equipment  would 
cost  from  $28,000  to  $30,000. 

The  Indianapolis  Light  and  Heat  Company  (T.  H.  Wynne,  Su- 
perintendent of  Power)*  stores  20,000  tons  of  Indiana  run  of  mine 
coal  from  the  Linton  district  under  water  in  concrete  tanks  twenty- 
four  feet  deep  (Fig.  53).  The  coal  is  dumped  directly  from  railroad 
cars  and  is  reclaimed  by  a  locomotive  crane.  A  deterioration  of 
than  three  per  cent  in  heating  value  is  said  to  take  place.  The  stored 
coal  is  Qsed  after  the  first  of  January,  when  the  price  of  coal  is. 
normally,  highest,  and  the  pit  is  refilled  during  March,  April, 
and  May. 

The  Metropolitan  Water  District  of  Omaha.  Nebraska, 
for  steam  purposes  4. OOO  tons  of  Iowa.  Kansas,  and  Illinois 
.Most  of  this  is  slack  below  tliree-fourt lis  inches,  although  some  nut 
and  washed  coal  is  used.  The  storage  pit  (Fig.  54  is  of  concrete  ten 
feel  deep.  The  period  of  storage  is  about  six  months.  The  coal 
is  piled  from  fifteen  to  twenty  feet  above  the  water  in  order  to 
get     an     additional     storage.       This     coal     may     heal     in     from 

three  days  to  two  months  and   if  BO  it    is  then  turned  over  by  means 

of  a  locomotive  crane  which  is  used  to  stock  and  onload  the  coal 
from  the  bins. 


il     World,     Y"l      62,     l'  .rnal. 
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The  expense  of  this  storage  is  given  as  follows : 

Storing  Keclaiming 

Overhead $0,003  $0,003 

Labor 012  .012 

Supplies 005  .005 

Depreciation  on  mechanical  equipment  .      .      .        .024  .024 

Interest    on    investment 019  .019 

Total $.063  $.063 

The  Company  also  stores  some  coal  on  the  ground,  but  because 
of  fires  is  now  planning  to  store  30,000  additional  tons  in  abandoned 
concreted  water  basins,  utilizing  a  hydraulic  ejector  similar  to  those 
used  for  years  in  transporting  sand  through  a  pipe  for  filtration  pur- 
poses.    G.  T.  Prince,  Chief  Engineer,  says: 

'  •  Any  coal  stored  in  the  air,  whether  supported  by  coal  in  a  pit  under  water 
or  by  planking  on  the  ground  is  subject  to  spontaneous  combustion.  This  is  par- 
ticularly true  of  coal  received  in  a  damp,  wet  state.  When  such  coal  reaches  us 
we  exercise  great  care  in  watching  it,  as  it  is  sure  to  catch  fire  within  a  few  weeks 
and  possibly  within  a  few  days.  Coal  received  during  the  dry  summer  days  will 
be  free  from  combustion  for  several  months." 


1^ 


P/on    of   Coo/  S+orao*   fit 


Outlet  fa/re  0o,,0t. 


Pit  of  the  Illinois  Traction  Company  at 
Mackinaw,  Illinois 


THE   STORAGE   OF   BITUMINOUS    COAL  L03 

Fig.  55  shows  a  cross-section  of  a  storage  pit  recently  built  by 
the  "Western  Clock  Works  in  Peru,  Illinois.  The  pit  is  87  feet  long, 
46  feet,  3  inches  wide,  and  13  feet  deep  and  has  a  capacity  of  1200 
tons  under  water.  The  cost  of  the  plant  was  $15,300.  The  coal  stored 
comes  from  a  mine,  about  two  hundred  feet  distant.  The  traveling 
bridge  and  bucket  are  used  to  distribute  the  coal  in  the  pit  and  to 
reclaim  it.  The  reclaimed  coal  is  placed  in  the  small  cars  on  alternate 
days,  the  cars  being  allowed  to  drain  for  a  day  before  the  coal  is 
delivered  to  the  boiler  room. 

One  of  the  largest  under-water  storage  plants  now  under  con- 
struction is  being  built  by  the  Great  Lakes  Dredge  and  Dock  Company 
for  the  Standard  Oil  Company  of  Indiana  at  Whiting,  Indiana.  The 
pit  will  be  1000  feet  long,  202  feet  wide  below  the  ground  water  level, 
and  26  feet  below  the  yard  rail  level.  The  system  is  to  be  practically 
the  same  as  that  of  the  Western  Electric  Company  at  its  Hawthorne 
plant  but  instead  of  the  heavy  concrete  construction  for  walls  and 
trestles,  wood  piles  will  be  used  below  water  level  and  will  be  capped 
with  a  coping  of  concrete  above  water  level.  The  bottom  of  the  pit 
will  be  roughly  graded  and  lined  with  concrete  one  foot  thick.  The 
only  part  of  the  construction  which  will  be  subject  to  deterioration 
will  be  the  ties,  stringers,  and  caps  of  the  railroad  trestle  which  arc 
above  water. 

Four  trestles,  on  which  will  be  a  standard  gage  track,  will  ex- 
tend from  end  to  end  of  the  pit.  Alongside  the  pit  will  be  two  rail- 
road tracks,  so  that  locomotive  cranes  to  be  used  for  reclaiming  may 
operate  from  the  trestles  above  the  pit  or  from  the  side  tracks.  It 
is  estimated  that  the  cost  of  construction  will  be  much  less  than  that 
of  the  concrete  types  used  in  other  plants.  By  means  of  the  four 
tracks  placed  on  the  trestles  and  the  two  on  the  sides,  six  trains  may 
be  unloaded  at   one  time. 

The  Peabody  Coal  Company  of  Chicago  has  three  under-water 
Btorage  plants,  one  holding  about  80,000  tons  ;ii  Kankakee,  one  hold- 
ing 60,000  tons  al  Lemontj  and  another  at  Mnmence,  [Uinois.  The  one 
at  Momence,  however,  has  not  been  placed  in  operation.  In  each  c 
an  old  quarry  has  been  used.  The  coal  is  damped  into  the  quarry 
from  a  track  running  oear  the  edge  ami  distributed  by  means  of  a 
centrifugal  pump.  In  reclaiming,  the  coal  is  pumped  into  an  ele- 
vator ami  delivered  directly  into  railroad  cars.  The  Company  reports 
that  where  the  pile  of  coal  projected  above  the  water  level  along  the 

bank    it    took    tire. 
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An  estimate  given  by  the  engineers  of  the  Peabody  Company  for 
the       si    ei  equipment  and  the  expense  of  operation  of  the  Lemont 

plant   is  as  follows: 

Estimated  Cost  of  Equipment  at  Lemont  Storage 

lSED     UPON     HANDLING     700     TONS     OF     COAL     PER     DAY — ALLOWANCE     MADE     FOR 

STOPPAGE  AND   BREAKDOWNS) 

Shooting  rock  and  building  unloading  chute $350.00 

Building  concrete  piers,  laying  stringers,  and  installing  track     .  780.00 

Rearrangement  of  track  to  get  greater  capacity 800.00 

12-inch  centrifugal  pump,  directly  connected  to  100-horse-power 

steam  engine 2250.00 

Boat  to  float  pump  and  engine 600.00 

300-foot  spiral  riveted  pipe  with  bolts  and  gaskets   ....  800.00 

2-  to  5 -foot  sections  of  rough  bore  suction  and 

2-  to  5-foot  sections  of  smooth  bore  discharge  hose  ....  800.00 

125-horse-power  self-continued  steam  boilers 1000.00 

Priming  pump,  connected  to  pump  engine,  12-inch  check  valve  .  125.00 

Steam  injector,  boiler  fittings,  etc 225.00 

100  feet  of  3 -inch  steam  pipe  and  3 -to  5 -foot  sections  of  3 -inch 

steam    hose 110.00 

Elevator  of  dewatering  type,  to  elevate  120  tons  of  coal  per 

hour  at  a  speed  of  50  feet  per  minute,  connected  to  steam 

engine 2000.00 

Wood  receiving  boat  at  foot  elevator  20  by  20  by  8  feet,  also 

■wood  support  and  erection  of  elevator 700.00 

Self-contained  car  puller  and  engine  with  1500  feet  of  i^-inch 

steel  cable,  with  head  sheaves,  etc 650.00 

pes,  blocks,  tars,  etc 200.00 

10  per  cent  for  supervision 1140.00 

Total $12,530.00 

To  clean  quarry: 

aping  dry,  removing  debris  from  bottom,  and  additional 
expenditure  estimated $1500.00 
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Estimated  Expense  of  Operation  at  Le.mont  Storage 
(Based  upon  handling  700  tons  of  coal  per  ten-hour  day) 

Unloading  Per  Day  Expense  Per  Ton 

Superintendent  (1) $5.50 

Pumpman    (1) 3.50 

CarpuUer    (1) 3.00 

Dumpers   and   Pipemen    (2) 6.00 

Fuel  for  boilers  and  lubricating  oil    .  6.00 

Miscellaneous  repairs  and  supplies    .            .  2.50 

Night    Watchman    (1)         3.00 

Total  .      .        $29.50  $0,042 

Reloading 

Superintendent       (1) $5.50 

Pumpman   and    Helper    (1) 6.50 

Pipeman      (2) 6.00 

Trimmer      (1) 3.00 

Carpuller     (1) 3.00 

Fuel  for  boiler,  oil,  etc 6.00 

Miscellaneous  supplies  and  repairs     .  2.00 

Night  Watchman  and  Trimmer   (1)    .  3.00 


Total   .      .        $35.00  $0.0500 

6  per  cent  per  annum  on  investment* 

$15,000  spread  over  60,000  tons  =  $900* 0.0150 

Unforeseen  delays,  etc.* 0.0100 

Losses  one  per  cent  on  600  tons  at  $1. 

per  ton  =  $900* 0.0150 

Depreciation  <>n  equipment11 0.0200 

ideal   insurance,  etc.* 0.0100 

Total  Expense  of  Storing $0.1620 

If  electric  power  ub  used,  the  cost  will  be  live  cents  per  too  higher. 

The  following  are  comparative  estimates  of  the  expense  of  under- 
water and  surface  Btorage  made  l . \  ( '.  (i.  Hall,  formerly  fuel  agent 
of  the  C.  &  !•:.  I.  Railroad. 


•->ea   at   M  « t . ■ « 1    upon    tl..  i    ,,f 

years.       The     interest.  |     similar  i.linj 

and  unloading  60,000   tons  j>er   annum      a    nsaaDar   lonnaga   will   notarially   increase   • 
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Storage  of  Screenings   (Indiana  Coals) 

Subaqueous  Storage  (3rd, 

5th,   and   6th    vein   eoal)      .      .     100,000  Tons 

Pump  outfit *12>000-00 

Interest    and    depreciation       .      .    20  per  cent  $2,400.00 

Tracks   (estimated) 2>000-00 

Interest  and  depreciation  ...   15  per  cent  ^u.uu 

Labor,  supplies  and  power,  qq 

Unloading     and     reloading » 

250.00 
Rental  of  storage  pit ' 

Value  of  100,000  tons  at  50 
cents  per  ton  and  freight 
charges   at   82   cents     ....   $132,000.00 

Interest  on  $132,000.00 

at  6  per  cent  for  8  months D^°U' 

$18,230.00 
Average   per  ton 18-23  cents 

Surface  Storage   (4th  Vein  Coal)    .      .        25,000  Tons 

,  .motive     crane $8,000.00 

Interest  and  depreciation  ...   20  per  cent  $l,oUU.uo 

Tracks 5,000.00 

Interest  and  depreciation   ...   15  per  cent  750.00 

Labor  and  supplies,  n 

Unloading  and  reloading z,ouu.uu 

,     *             -.     .  200.00 

tal  of  ground,  etc 

0  tons  at  75  cents 
per  ton  and  freight  ehai 

at  7  per  ton $38,000.00 

100.00  for  8  months 

1,520.00 
6  per  '■••lit > 

$6,570.00 
Average  per  ton  on  25,000  tons  .      .       26.28  cents 
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VI.    Efki.<  tb  01  Storage  upon  the  Properties  ov  Coal 

The  effects  upon  the  properties  of  coal  may  be  considered  under 

the  following  heads : 

(1)  Appearance. 

(2)  Loss  of  heating  value. 

(3)  Firing  qualities. 

(4)  Spontaneous  combustion. 

(5)  Coking  and  gas  making  properties. 

(6)  Degradation,  or  the  increase  in  the  amount  of  fine  coal 
and  dust  due  to  breakage  from  handling,  and  to  slacking  or 
weathering. 

(7)  Loss  in  weight. 

35.  -I/-/"  irance. — Many  coals  upon  exposure  to  the  air  beco 
covered  with  a  coating  of  white  iron  sulphate  which  causes  a  pile  to 
look  as  though  covered  with  frost.  This  white  coating  is  thought  by 
many  to  signify  deterioration  of  the  coal,  but  as  shown  by  Profe- 
Parr  it  merely  signifies  that  some  of  the  sulphur  has  oxidized  To  the 
white  sulphate,  which  is  soluble  in  water,  and  is  easily  washed  away 
by  rain.  Tic  ash  content  of  such  coal  is  also  slightly  lower  than  that 
of  fresh  coal.  In  any  case,  the  white  coating  is  only  a  covering,  and 
the  coal  below  the  surface  of  the  pile  is  not  affected. 

36.  J, oss  of  11  >  ating  Value. — The  loss  of  heating  value  resulting 
q  Btorage  is  comparatively  small  and  Pan-*  Bays  with  regard  t«> 

this:  "Bituminous  coal  can  be  stocked  without  appreciable  loss  of 
heat  vainer  provided  the  temperature  is  not  allowed  to  rise  above  ls|» 
degrees  P.  In  fact,  there  is  no  appreciable  evolutioD  of  CO,  at  tem- 
peratures below  260  degrees  F.  The  indicated  heat  loss  per  pound  of 
coal  is  due  more  Largely  to  an  increase  in  weight  of  a  unit  n 
Coal  resulting  l'rom  the  absorption  of  oxygen  rather  than  from  an 
actual  deterioration  or  loss  of  heat  units.  .  .  .  Under-wato 
prevents  loss  of  heat  value."  According  t«>  detailed  values  given  by 
Parri  and  summarized  in  Table  5,  the  indicated  loss  <>t'  heating  value 


on    the    I  .."      Tniv.   <>f    ill.    Bag.    l 

)»ul.    97.    pp.    7.      18,     1  '17. 

t  Ibid 
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Table  5 
Decrease  in  Heating  Value  (B.  t.  u.)  of  Illinois  Coals 


Nut 

Screenings 

Nut 

Screenings 

Coal  Tested  and 
Length  of  Time  Stored 

Exposed 
Bins 

Covered 
Bins 

Exposed 
Bins 

Covered 
Bins 

Under- 
water 

Under- 
water 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

Stored  1  year 

Williamson  County 

Vermilion  County 

Sangamon  County 

Stored  S  years 

Williamson  County 

Vermilion  County 

Sangamon  County 

Stored  6  years 

Williamson  County 

Vermilion  County 

Sangamon  County 

0.84 
2.13 
3.15 

2.09 
4.98 
4.54 

3.04 
5.49 
6.49 

1.64 
2.77 
4.12 

3.60 
6.23 

3.60 
6.39 
6.81 

1.37 
3.92 
5.14 

2.11 
8.48 
7.11 

3.96 

10.83 

6.85 

1.35 
4.46 
4.52 

3.73 

10.47 
10.48 

4.31 
l6!81 

0.93 
2.00 
1.83 

0.57 
2.72 
0.86 

after  a  period  of  one  year  in  storage  is  relatively  low,  averaging  for 
nut  coals  and  screenings  from  Williamson,  Sangamon,  and  Vermilion 
counties  only  about  3  or  3%  Per  cent.  Coals  vary  in  this  respect, 
those  from  southern  Illinois  showing  less  change  than  those  from 
central  Illinois  and  this  difference  increases  with  the  length  of  time  in 
storage,  that  is,  the  coals  which  show  a  small  decrease  in  heating  value 
at  first  continue  to  show  a  relatively  small  decrease  as  time  goes  on. 

Decrease  in  heating  value  is  consistently  greater  with  screenings 
than  with  screened  nut,  according  to  Parr's  tests  of  Illinois  coals. 

Coal  stored  in  open  bins  shows  consistently  a  lower  percentage 
of  loss  of  heating  value  than  coal  stored  under  cover,  due  no  doubt 
to  the  oxidation  of  the  sulphur  when  exposed  to  the  air  and  its  sub- 
sequent leaching  out. 

Experiments  made  by  the  Bureau  of  Mines  upon  large  samples 
of  coal  gave  the  following  results  :* 

"rJ  nut  of  deterioration  of  coal  in  heating  value  during  storage  lias 

.monly  been  overestimated.     Except  for  the  subbituminous  Wyoming  coal,  no 

red   in  outdoor  weathering  greater  than  1.2  per  cent  in  the  first 

year,  or  2..  it  in  two  years.     The  Wyoming  coal  suffered  somewhat  more 

'.  in  the  first  year  and  as  much  as  5.5  per  cent  in  three  years." 


and    Ovitz,    F.    K.,   "Deterioration    in    the   Heating  Value   of   Coal    Dur- 
ing Stor-:  of   Minos,   liul.    136,   p.   8,    1917. 
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New  River  coal  tested  at  Portsmouth,  N.   II..   Pittsburgh,   Pa., 

and  Norfolk,  Va.,  gave  the  following  result-  : 

"In  general,  the  conclusion  to  be  drawn  from  these  tests  is  that  New  River 
coai,  under  severe  conditions  of  outdoor  exposure  to  the  weather,  deteriorates  in 
heating  value  approximately  oue  per  cent  in  the  first  year,  two  per  cent  in  the 
first  two  years,  and  not  over  three  per  cent  in  five  years.  Storage  under  water  pre- 
vents practically  all  deterioration  during  one  year,  and  no  more  than  0.5  per  cent 
Las  been  found  in  any  test  for  two  years  or  less.  Salt  water  possesses  no  ad- 
^antage  over  fresh  water  in  preventing  deterioration.  Intermittent  exposure  and 
partial  drying  of  the  submerged  coal  probably  causes  deterioration  in  some  degree, 
although  very  small. 

"Submergence  storage  of  New  River  coal  is  not  to  be  recommended  for  the 
sake  of  preventing  deterioration  in  heat  value.  Its  advantage  lies  only  in  in- 
suring against  spontaneous  combustion. ' '  * 

Tests  of  Pittsburgh  coal  at  Ann  Arbor,  Mich.,  gave  the  following 
results : 

"The  amount  of  deterioration  in  one  year's  open  air  storage  was  practically 
negligible,  even  in  the  upper  six  inches  of  the  exposed  coal.  During  the  second, 
third,  fourth,  and  fifth  years  the  deterioration  proceeded  very  slowly  and  did  not 
reach  an  amount  greater  than  1.1  per  cent  in  five  years.  The  submerged  portions 
may  be  said  to  have  suffered  practically  no  loss  measurable  by  the  degree  of  ac- 
curacy used. ' '  t 

Pocahontas  coal  tested  on  the  Isthmus  of  Panama  gave  the  fol- 
lowing results : 


■- 


"During   one   year's   outdoor   exposure   this   coal    deteriorated    \  Jitly 

M  than  0.4  per  cent)  in  heating  value,  and  that  the  deterioration  took  place 
entirely  during  the  first  months  (June  15  to  December  15).  There  was  a  further 
deterioration  of  0.4  per  cent  during  the  second  year."} 

Sheridan,  Wyoming,  lignitic  coal  stored  al   Sheridan  gave  the 

following  results  ■ 

"Coal  under  the  conditions  of  th>             -  loses  3  to  5.5  per  cent  of  if--  heat 
value  in  about  three  years'  storage,  the              r  part  (70  to  80 

loss  being  in  the  first  nine  months.    Doring  the                                §,  the  deep  bine 

goffered  the  greatest  loss,  probably               their  i  for 

f  air  than  those  of  the  small  bins.    The  latter  became  covered  with  I  1-  inch 
layer  of  fine  slack  that  helped  to  protect    the   layers  beneath   from   oxidation.      Iii 

p  bins,  the  lumps  became  badly  cracked,  bat  retained  th<  atly 

-  of  air,  and  thoa  pern H  ion. 

'■In  itorage  of  Sheridan  coal  for  more  than  three  months,  coveru  . 


I 
i  [bid 
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not  as  advantageous  as  the  use  of  air-tight  bottoms  and  sides  (of  concrete,  for 
example),  and  the  accumulation  of  a  protecting  layer  of  fine  slack  on  the  surface. 
The  deterioration  of  Sheridan  coal  in  heat  value  can  probably  in  this  manner  be 
kept  below  three  per  cent  in  one  year,  and  will  probably  not  increase  to  more  than 
four  per  cent  in  two  or  three  years  if  the  coal  remains  undisturbed.  Physical 
deterioration  (slacking)  is  also  largely  prevented  in  the  under  portions  by  the 
formation  of  a  closely  packed  layer  of  slack,  at  least  twelve  inches  thick  on  the 
surface. 

•  •  Although  no  indications  of  spontaneous  heating  were  noted  in  the  tests  here- 
in described,  it  is  found  in  practice  to  be  dangerous,  on  account  of  dangerous  heat- 
ing, to  store  Sheridan  coal  in  piles  greater  than  about  ten  feet  in  depth  or  width. 
In  large  masses  of  coal  radiation  of  spontaneously  developed  heat  is  restricted  to 
a  dangerous  degree.  Submerged  under  water  would  probably  prove  particularly  ad- 
vantageous as  a  means  of  safely  storing  subbituminous  coal  of  the  Sheridan 
type '  '* 

The  Coal  Storage  Committee  of  the  International  Railway  Fuel 
Association  in  1915  reported  that  for  Ohio,  Pennsylvania,  and  West 
Virginia  the  loss  was  very  slight  and  that  no  difference  was  noted  by 
customers  of  a  large  coal  company  between  the  fresh  coal  and  coal 
stored  from  six  to  twelve  months. 

The  Boston  and  Main  Railroad  has  had  coal  in  storage  from 
fifteen  to  twenty  years  with  no  signs  of  heating,  and  although  there 
was  surface  deterioration,  lumps  were  found  within  the  pile  which 
looked  like  freshly  mined  coal  and  showed  a  heat  value  of  13,000 
B.  t.  u. 

Kansas  coal  showed  a  shrinkage  of  5.26  per  cent  in  weight  due  no 
doubt  to  drying  out. 

Oklahoma,  Kansas,  Missouri,  and  Northern  Arkansas  coals  lose 
from  two  to  eight  per  cent  in  heating  value  and  Texas  coals  much 
re  due  to  spontaneous  combustion. 

J.  G.  Crawford,  Fuel  Engineer  of  the  C.  B.  &  Q.  R.  R.,  says : 

"In  general,  the  deterioration  of  coal  etored  in  piles  will  be  less  as  the  dis- 
tance from  the  surface  increases.     Thus  the  total  amount  of  deterioration  per  ton 
of  coal  depends  upon  the  width  and  depth  of  the  pile.    If  we  have  a  pile  only  five 
>,  as  sometimes  happens  when  coal  is  stored  hastily  without  any  de- 
■ii,  the  total  amount  of  the  deterioration  per  ton  is  going  to  be  a  great 
i  more  than  if  the  pile  were  twenty  (20)  feet  deep,  because  in  the  smaller  pile 
i  surface  per  ton  is  a  great  deal  more  than  in  the  case  of  the 
larger  pile. 

'  We  Wyoming  bituminous  coal,  which  was  10  per  cent  moisture,  16 

per  cent  ash,  5  per  cent  sulphur  and  11,000  B.  t.  u.  This  coal  was  in  a  pile  twenty 

oad  on  top.    At  the  end  of  four  years  it  was  found  that 
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there  had  been  no  deterioration  in  this  coal  when  a  point  about  three  feet  below 
the  surface  was  reached.  The  major  portion  of  the  deterioration  was  in  the  coal 
forming  the  flat  top,  which  allowed  the  rain  and  snow  to  collect,  no  means  being 
provided  to  shed  the  rain  and  snow." 

The  Consolidation  Coal  Company  Fairmont,  W.  Va.,  reports  no 
changes  in  the  chemical  properties  of  coal  and  Less  than  V2  to  1  per 
cent  loss  of  calorific  value  after  storing  a  200-pound  sample  for  a 
period  of  eighteen  months. 

The  Westmoreland  Coal  Company  of  Irwin,  Pa.,  -a;  -  : 

"This  company  has  made  some  elaborate  tests  of  the  storage  coal  and 
weathering,  and  the  results  have  shown  that  there  is  a  very  unexpectedly  slight 
deterioration;  that  is  to  say,  at  least,  in  our  coal.  The  coal  pile  oxidizes  rapidly  on 
the  outside  and  puts  on  an  overcoat  of  slack  or  fine  coal,  which  seems  to  protect  the 
interior  of  the  pile  and  this  process  of  greater  or  less  oxidation  and  slacking  goes 
on  to  a  depth  of,  say,  twelve  inches  or  thereabouts,  and  underneath  that  we  have 
generally  found  all  its  original  value.  Indeed,  in  some  tests  we  have  found  that 
there  has  been  no  deterioration,  even  in  the  much  more  delicate  tests  of  gassifica- 
tion  and  production  of  illuminating  gas.  "We  have  had  some  coal  exposed  in  piles, 
and  some  under  cover,  for  some  ten  or  fifteen  years,  and  the  general  reply  to  your 
inquiry  would  be  that  there  is  no  material  depreciation." 

It  is  difficult  to  differentiate  between  losses  in  storage  piles  due 
merely  to  natural  weathering  and  those  due  to  incipient  or  actual 
spontaneous  combustion  of  the  coal,  also  between  losses  in  heating 
value  and  losses  in  coking  and  gas  making  or  other  properties.  An 
effort  was  made  to  obtain  information  upon  these  points  through 
the  questionnaire,  but  it  has  not  always  been  possible  to  interpret 
correctly  the  exact  meaning  of  the  answers  upon  these  closely  re- 
lated subjects.  The  answers  received  to  Question  13  of  the  Question- 
naire, "Does  the  coal  decrease  in  heating  value  as  a  result  of  stor- 
\V  were,  "Yea,"  21,  and  "No"  or  "Not  apiuviMably/'  20  and 

'Very  little,"  2.     The  percentages  of  depreciation  given  were  I 
than  5  per  cenl  in  mx  cases,  between  0  and  10  per  cent  in  three,  from 

lu  to  20  per  cenl  in  one,  and  from  20  to  50  per  cent  in  one.  Tin* 
lower   percentages   probably   express   the   Ban  era!   opinion 

'Very  little"  or  "Nol  appreciably,"  and  it  is  evident  that  the  higher 
percentages  mean  after  heating  takes  pis 

These  opinions,  based  mainly  upon  observation  and  experience 
in  Btoring  large  amounts  of  coal  under  various  conditions  though  not 
upon  calorimetric  or  boiler  tests,  agree  in  general  with  the  results  of 
the  tests  of  Parr,  Porter,  and  Ovitz  apon  comparatively  small  Bam- 
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plea  or  test  lots,  that  is,  that  the  loss  in  heating  value  due  to  storage 
alone  is  small  and  should  not  deter  any  one  from  storing  coal  through 
fear  of  any  financial  loss  due  to  a  decrease  in  heating  value. 

The  most  adverse  opinion,  but  an  interesting  one,  was  given  by 
A.  Geschwindt,  General  Manager  of  the  Rockford  Electric  Company, 
who  says : 

"Our  experience  has  been  that  through  the  heating  of  the  coal  and  therefore 
drying  out,  we  lose  considerable  efficiency.  If  there  is  some  method  used  whereby 
the  moisture  could  be  returned  to  the  coal  that  is  dried  through  heating,  we  could 
obtain  results  from  this  coal  with  less  loss  than  we  do  at  the  present  time.  This  is 
aside  from  that  part  of  the  coal  which  is  actually  burned  while  in  storage  pile.. 

1 '  I  have  not  been  in  a-  position  to  make  actual  tests  other  than  laboratory  tests 
on  the  value  of  coal  that  has  been  heated  thoroughly  in  storage  piles,  but  we  find 
that  in  the  ordinary  course  of  burning  the  coal  under  boilers  we  get  only  half  the 
efficiency  of  the  boiler  therefrom.  While  on  the  other  hand,  from  testing  in  the 
laboratory  we  find  that  the  coal  shows  not  to  exceed  ten  per  cent  loss. 

1 '  This  is  the  difference  between  actual  test  of  coal  through  the  laboratory 
method  and  that  of  burning  in  the  ordinary  course  of  firing  for  steam. ' ' 

37.  Firing  Qualities. — There  is  a  general  opinion  among  fire- 
men that  stored  coal  is  dead,  and  burns  less  freely  than  fresh  coal. 
It  is  often  condemned  by  them  as  being  "no  good."  Others  state 
just  as  strongly  that  it  burns  better  than  fresh  coal,  but  it  seems  to 
be  the  opinion  of  those  who  have  given  most  careful  thought  to  the 
matter  that  although  there  is  no  material  depreciation  in  heating 
value,  some  coals  at  least,  probably  due  to  the  loss  of  a  small  amount 
of  volatile  material,  do  not  burn  so  freely  after  storage  and  must  be 
fired  in  a  slightly  different  manner. 

Melyin  Patterson,  of  the  Brown  Hoisting  Machinery  Company, 
veland,  Ohio,  says: 

"Ohio,  Pennsylvania,  and  West  Virginia  bituminous  coal  stand  the  weather 
iitions  best.  The  coals  are  piled  forty  and  fifty  feet  high  along  the  lakes.  The 
danger  due  to  spontaneous  combustion,  provided  the  coal  is  placed  in.  the  pile 
properly,  is  very  slight.  With  the  modern  large  grab  bucket  machines  deteriora- 
tion due  to  spontaneous  combustion  is  cut  to  a  minimum  as  the  grab  bucket  can 
around  the  fire  in  less  than  twenty-four  hours.  Large  operators  say  if  they 
can  get  the  coal  pile  off  the  dock  in  one  year  deterioration  is  negligible." 

Fuel  Station  Committee  of  the  International  Railway  Fuel 
ociatioD  concludes  with  regard  to  different  coals: 

rtion  need  be  given  to  the  question  of  deterioration,  but 
fully  ifodied  to  determine  the  best  methods  for  preventing 
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spontaneous  combustion  and  it  is  advisable  to  store  coal  from  different  fields  in 
separate  piles. ' ' 

In  connection  with  the  six-year  weathering  tests*  of  southern 
and  central  Illinois  coal,  samples  of  nut  coal  from  Sangamon,  Ver- 
milion, and  "Williamson  counties  and  screenings  from  Sangamon  and 
Williamson  counties  were  tested  under  a  boiler  by  A.  P.  Kratz.f     He 

states : 

"On  the  first  test  the  coal  banked  slightly  at  the  water-back,  and  the  whole 
amount  on  the  grate  became  clinkered.  It  immediately  became  evident  that  in 
order  to  run  at  all,  the  coal  had  to  be  kept  away  from  the  water-back.  After  the 
clinker  had  been  removed,  a  fresh  start  was  made  and  care  was  taken  to  keep  the 
fuel  bed  from  four  to  six  inches  away  from  the  water-back.  When  this  was  done 
no  further  trouble  was  experienced. ' ' 

The  tests  showed  that  weathered  coal  requires  a  stronger  draft 
than  fresh  coal,  indicating  that  although  the  weathered  and  fresh 
coals  have  approximately  the  same  B.  t.  u.  values,  weathered  coal  is 
more  sluggish  in  action. 

The  general  summary  covering  the  behavior  of  the  coal  in  steam 
generation  after  six  years  of  storage,  according  to  Kratz,{  is  as  fol- 
lows : 

"1.  Burning  weathered  coal  is  largely  a  question  of  correct  hand- 
ling and  ignition.  Under  these  circumstances  it  gives  as  good  results  as 
fresh  screenings. 

11 2.  Weathered  coal  requires  a  little  thinner  fire  and  more  draft  than 
fresh  screenings. 

"3.     When  using  weathered  coal  the  fuel  bed  should  not  approach 
any  nearer  to  the  water-back  than   from   four  to   six  inches,   otherv 
trouble  with  clinker  is  experienced. 

"4.     Practically  as  high  capacity  was  obtained  with  weathered  coal 
as  with  other  coals  used,  and,  if  anything,  the  fuel  bed  requires  less  at- 
tion." 

These  conclusions  refer  to  burning  stored  coal  under  a  stationary 
boiler  where  the  draft  can  be  much  more  easily  regulated  than  in  lo 
motive  firing.    If  coal  has  become  broken  in  storage  and  ifl  burned  in 
a  locomotive,  there  will  be  an  additional  loss  through  the  fine  coal  being 
carried  out  the  stack. 

Interesting  information  about  coal  exposed  to  the  air  for  a  long 
period  has  been  furnished  by  John  J.  Davies,  Commissioner  of  the 


irr,     Op.    Tit.,    p.     16. 
t"A    Study    of    lioil.  r    LoMM."       I't.iv.    <>f    111. 

L,     pp,    5        1         Voti      -Attention     is    particularly    called    to    the    opinions    upon 
thli  subject  given  In  Appendix   II,  p.    i 
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-   line  County  Operators  Association,  and  A.  W.  Helmholtz,  of  the 
ntinuous  Process  Coke  Company  of  Harrisburg,  Illinois.     In  De- 

Koven,  Union  County,  Kentucky,  there  is  a  pile  of  approximately 
,000  tons  of  coal,  mostly  slack  and  supposed  to  have  been  dumped 
where  it  now  lies  between  the  hills  some  forty  or  fifty  years  ago. 
When  the  samples  were  taken,  the  lower  part  of  the  pile  was  saturated 
with  water,  but  the  pile  had  previously  been  subjected  to  weather 
conditions.  Tests  of  this  coal  made  by  Helmholtz  gave  9.4  pounds 
of  water  evaporated  per  pound  of  raw  coal  as  compared  with  10.3 
pounds  of  water  per  pound  of  Saline  County  slack.  The  B.  t.  u. 
values  calculated  from  analyses  gave  11,000  as  compared  with  about 
13,500  for  fresh  coal  presumably  from  the  same  seam  and  locality. 

38.  Spontaneous  Combust ion. —The  greatest  difficulty  in  the 
storage  of  coal  is  undoubtedly  the  tendency  of  many  coals  to  fire  spon- 
taneously. As  previously  mentioned  it  is  the  deterioration  due  to 
this  cause  which  is  often  confused  with  a  supposed  decrease  of  heating 
value  as  a  result  of  storage. 

The  gradual  heating  of  a  coal  pile  is  due  mainly  to  slow  oxidation 
of  the  carbon  m  the  coal  and,  to  a  less  extent,  to  the  oxidation  of 
the  sulphur  m  the  iron  pyrites  contained  in  the  coal.     If  the  air 
supply  is  sufficient  to  permit  oxidation  but  not  sufficient  to  carry 
away  the  heat  as  rapidly  as  it  is  formed,  the  temperature  in  the  pile 
will  rise  gradually  and  finally  the  coal  will  fire.    Any  method  of  stor- 
to  be  successful  must  be  so  designed  that  the  heat  generated  in  the 
pile  will  not  exceed  the  heat  lost  by  radiation.  Freshly  mined  coal  has 
al  tendency  to  oxidize  and  thus  to  heat.    While  this  property 
van*  with  different  varieties  of  coal,  it  is  generally  true  of  all  coals. 
J  greater  the  time  elapsing  between  the  mining  and  storing  of  any 
<*al,  the  Less  is  the  liability  to  firing;  hence,  if  possible,  coal  should  be 
to  the  air,  that  is,  allowed  to  become  seasoned  before  it  is  put 
Tins  is,  of  course,  frequently  impracticable. 
ndatiou  of  both  the  carbon  and  the  sulphur  takes  place  more 
temperature  increases;  hence  coal  stored  during  hot 
Jher  is  more  likely  to  heat  than  that  stored  on  cool  days.    In  spite 
however,   many   prefer  to  store  coal  during  July  and 
August  not  only  beeause  of  the  lower  price  which  usuafly  prevaHs 
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The  smaller  the  coal  the  greater  is  the  surface  area  exposed  to 
the  air,  the  more  rapid  is  the  oxidation  and  the  greater  the  tendency 
to  heat;  hence  coal  in  lumps  is  not  so  likely  to  fire  as  fine  coal,  slack, 
or  run  of  mine  coal.  If  possible,  the  slack  should  be  removed  before 
storing.  Great  care,  therefore,  should  be  taken  in  handling  the  coal 
to  minimize  the  breakage.  In  handling  large  quantities  of  coal  this 
precaution  cannot  be  given  the  same  attention  as  when  handling  small 
quantities,  but  whenever  it  is  impossible  to  screen  the  coal  before  stor- 
ing and  whenever  sizes  and  kinds  must  be  mixed,  means  should  be 
provided  to  open  the  pile  rapidly  since  heating  may  then  be  expected. 
Many  persons  believe  that  washed  coal  will  not  fire  so  readily  as  un- 
washed, because  the  dust  has  been  removed. 

Air  currents  through  a  pile,  unless  ample  to  carry  off  the  heat, 
should  be  avoided  since  many  fires  seem  to  be  due  to  sluggish  air 
currents  in  contact  with  fine  coal.  Coal  should,  when  possible,  be 
piled  to  avoid  alternate  stratification  of  coarse  and  fine  coal. 

The  opinion  is  wide-spread  that  a  mixture  of  different  varieties 
of  coals  is  more  liable  to  spontaneous  combustion  than  a  pile  of  a 
single  variety,  and  while  no  explanation  of  this  opinion  has  been  given 
it  is  possible  that  the  most  easily  combustible  coal  in  a  pile  merely 
starts  the  heating  and  thus  lowers  the  safety  point  of  the  less  com- 
bustible coal.    J.  B.  Porter  says: 

"With  reference  to  the  prevailing  opinion  that  :i  pile  of  mixed  coal  is  more 
liable  to  heat  than  one  of  uniform  material:  I  can  only  say  that  my  observations 
so  far  as  they  go  bear  out  this  opinion,  but  do  not  throw  any  clear  light  on  the 
case.  I  can  see  no  reason  -why  a  mixture  of  coals  should  be  any  worse  than  the 
worst  coal  in  the  lot,  and  I  think  it  quite  likely  that  this  will  prove  to  be  true. 
There  are,  however,  so  many  authenticated  cases  of  mixed  coals  heating  when  ap- 
parently either  of  them  would  have  kept  safely  by  itself  that  I  think  we  should 

>  on  the  safe  side  by  avoiding  mixtures  whenever  possible.  I  may  add  that 
the  objection  to  mixtures  is  by  no  means  confined  to  this  continent;  in  fact  if  my 
memory  serves  me  the  danger  of  coal  mixtures  was  first  pointed  out  in  England. 
and  I  believe  in  connection  with   Kast  Yorkshire  coals." 

A  high  percentage  of  volatile  matter  in  coal  does  not  of  itself 

increase  its  liability  to  spontaneous  Combustion     As  a  result  of  12< x > 

replies  received  from  large  consumers  of  coal,  Porter  and  Ovitz*  con- 
clnded  thai  there  is  no  reasoD  to  place  Bpecial  confidence  in  smoke] 

COals  for  safety   in  st<>r;i<_re.      In   the  large  Btocfe   piles  at    Panama.   Ap- 

palaeliin    coals,    with    seventeen    to    1  \v<-nt y-one    per    eent    of    volatile 

•  •' I  •  rift."       U.    S.    Bureau    of 

Technical  Paper  19,  pp  »12. 
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matter,  give  a  great  deal  of  trouble  from  spontaneous  fires.  Several 
large  works  report,  moreover,  that  their  low- volatile  coals  are  more 
troublesome  with  respect  to  spontaneous  fires  than  their  high-volatile 
_   -  coals. 

The  high-volatile  coals  of  the  West,  are,  to  be  sure,  usually  very 
liable  to  spontaneous  heating,  but  owe  this  property  to  the  chemical 
nature  of  their  constituent  substances  rather  than  to  the  amount  of 
volatile  matter  that  they  contain.  Strange  as  it  may  seem,  the  oxy- 
gen content  of  coal  appears  to  bear  a  direct  relation  to  the  avidity 
with  which  coal  absorbs  oxygen;  high  oxygen  coals  absorb  oxygen 
readily,  and,  therefore,  have  a  marked  tendency  to  spontaneous  com- 
bustion. 

Formerly  the  gradual  heating  of  the  coal  and  its  final  spontane- 
ous combustion  was  thought  to  be  entirely  or  largely  due  to  the  pres- 
ence of  sulphur.  The  chemical  studies  of  Parr,  Ovitz,  Porter,  and 
others  have  shown  that  a  coal  may  heat  as  a  result  of  the  oxidation 
of  the  carbon,  even  when  pyritic  sulphur  is  absent.  If  pyritic  sulphur 
present,  however,  oxidation  of  this  sulphur  takes  place,  thereby 
supplying  a  definite  additional  source  of  heat  and  assisting  in  the 
oxidation  of  the  carbon.  The  oxidation  of  the  sulphur  also  acts  me- 
chanically to  break  up  the  coal;  thus  by  increasing  the  amount  of 
small  coal,  the  tendency  to  fire  is  increased. 

Although  sulphur  has  been  shown  to  be  only  one  of  the  factors 
producing  heat,  it  is  still  thought  by  many  who  store  coal  to  be  the 
determining  element  in  the  heating  of  coal. 

J.  G.  Crawford*  noted  piles  of  coal  containing  from  four  to  five 
per  cent  of  sulphur  which  had  been  stored  on  the  ground  from  four 
x  years  without  firing. 

■  nsfieldt  says: 

[tea,  by  weathering,  could  hardly  heat  itself  up  to  ignition  point,  much 
the  coal  surrounding  it;  in  fact,  heaps  of  pyrite  free  from  carbonaceous 
rial  are  never  known  to  fire  spontaneously. 

f'In  considering  these  arguments  we  must  remember  that  there  are  different 

M  of  pyrites,  that  known  as  marcasite  weathering  much  more  rapidly  than 

j  variety.     The  fine  flakes  of  pyrites,  sometimes  scattered  throughout 

are  probably  marcasite  and  certainly  weather  faster  than  the  larger  lumps. 


national    Kailway    Fuel    Association,    Vol.    VII,    p.    295,    1915. 
traction    of    Coals,"    An   Investigation   of   the   Coals  of   Canada,    Vol. 
VI.   pp.    110-111,    1912. 
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"A  single  match  may  ignite  a  pile  of  shavings,  a  single  flake  of  marcasite 
might  cause  a  warm  spot  that  might  result  in  a  coal  pile  firing.     This  might 
plain  the  fact  that  the  tendency  for  a  coal  pile  to  fire  is  not  proportional  to  the 
percentage  of  sulphur  or  pyrites  present. 

"We  are  not  at  present  looking  for  something  to  heat  the  coal  to  its  ignition 
point,  but  only  to  give  it  a  little  initial  heating.  If  sulphur  is  liberated  from 
pyrites  and  oxidizes  (both  actions  being  accompanied  by  an  evolution  of  heat)  at 
low  temperatures,  it  might  easily  act  as  a  starter,  although  the  sulphur  did  not  re- 
main as  such  to  lower  the  ignition  point. 

' '  The  crucial  question  seems  to  be,  does  the  coal  or  the  pyrites  generate  heat 
the  faster  by  its  normal  oxidation  at  low  temperatures?  The  evidence  seems  to  be 
strongly  in  favor  of  the  answer:  the  coal.  This  would  thus  rule  pyrites  out  or 
count  as  the  usual  causes  of  fires.  It  is,  of  course,  always  conceivable  that  under 
certain  circumstances  this  might  be  reversed  and  the  pyrites  blamed;  but  this 
probably  seldom  or  never  occurs. 

"On  one  point  all  parties  are  agreed.  When  flakes  of  pyrites  weather  they 
expand  and  fracture  the  coal,  and  thus  expose  more  and  fresh  surfaces  for  oxida- 
tion and  indirectly  increase  the  danger  of  heating." 

Near  Danville,  Illinois,  the  Missionfield  Mining  Company  has  a 
plant  for  separating  pyrite  from  the  coal  and  preparing  the  pyrite 
for  market.  According  to  the  superintendent  of  the  plant,  even  the 
fine  pyrite  passing  through  a  7/16-inch  screen  has  never  fired  in  the 
bin,  except  when  there  has  been  found  in  the  pile  a  piece  of  wood 
or  other  carbonaceous  substance  which  has  acted  as  a  match  to  start 
the  combustion. 

In  spite  of  the  results  of  tests  the  opinion  prevails  very  generally 
that  a  high  sulphur  coal  is  more  likely  to  fire  than  one  containing  a 
small  amount  of  pyrite,  and  an  investigation  should  be  undertaken  to 
show  the  exact  influence  in  storage  piles  of  the  sulphur  content.     It 

been  suggested  that  the  pyrite  may  oxidize  and  set  the  sulphur 
free  according  to  the  reaction. 


*  - 


Ft  82+20Q=FeSo4+S 

and  that  the  free  sulphur  haying  a  low  ignition  point  may  ad  as  an 
igniter  as  it  docs  in  a  match  or  in  gunpowder.     It  is  certainly  true 

that  on   many  weathered  coal   dumps  there   is  a   deposit    of  yellowish 

white  material  which  very  closely  resembles  free  sulphur. 

'I'll"  effect  of  moisture  upon  the  heating  of  coal  is  a  much  dis- 
puted question,  although  those  who  Btore  coal  are  practically  unani- 
mous in  the  opinion  that  water  stimulates  BpontaneOUfl  istion. 
On   the  other  hand  scientific  investigations  seem  tO   indicate  that   coal 
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oxidizes  less  when  wet  than  when  dry.*  The  effect  of  water  in  dis- 
integrating coal  high  in  sulphur  is  undoubted.  Vivian  Lewes,  of 
England,  draws  a  sharp  destination  between  wet  coal  and  damp  coal, 
the  latter  being  considered  dangerous.  The  undoubted  fact  that  the 
top  of  a  coal  pile  is  warm  after  a  rain  is  explained  by  the  New  South 
Wales  Commission  as  due  not  to  the  fact  that  the  water  causes  the 
1  to  heat,  but  the  pile  being  already  hot  inside  heats  the  water  which 
runs  down  into  the  pile  and  then  returns  as  steam  to  the  surface  and 
heats  it. 

Stansfieldf  says:  "It  is  probable  that  when  our  knowledge  of  the 
air  circulation  and  rate  of  oxidation  in  coal  piles  is  increased,  water 
will  be  a  good  servant;  at  present  it  is  a  dangerous  ally." 

Coal  immersed  in  water  does  not  deteriorate  to  any  extent  chem- 
ically nor  does  it  disintegrate  except  as  a  result  of  handling.  The 
amount  of  water  absorbed  does  not  affect  the  burning  qualities  of  the 
coal. 

Instances  in  which  water  seemed  to  assist  in  stimulating  sponta- 
neous combustion  are  quoted  in  connection  with  reports  regarding  coal 
stored  by  railroads.  A  pile  is  reported  to  have  fired  under  conditions 
in  which  seepage  from  the  water  tank  kept  part  of  the  pile  damp. 
Another  instance  occurred  in  a  low  corner  of  a  coal  pile  where  water 
collected,  but  this  corner  was  shut  in  by  a  side  hill  which  excluded 
the  air  so  that  it  is  a  question  which  agency  caused  the  firing,  the 
-ence  of  the  water  or  an  insufficient  amount  of  air. 

Most  of  the  answers  to  the  questionnaire  agree  in  advising 
inst  storing  on  the  ground  on  account  of  the  presence  of  moisture, 
but  an  equally  strong  reason  lies  in  the  desirability  of  having  a  clean 
surface  from  which  the  coal  may  be  taken  up. 

'.  Coking  and  Gas  Making  Properties. — There  are  few  re- 
led  data  concerning  the  effect  of  storage  upon  the  coking  prop- 
erties of  coal,  although  the  replies  to  the  questionnaire  agree  generally 
in  the  opinion  that  heating  injures  the  coal  for  this  purpose.  H.  D. 
11:11.  Superintendent  of  the  By-product  Plant  of  the  Inland  Steel 
I  mpany,  says  that  the  gas  made  from  stored  coal  does  not  differ  ma- 
lady from  that  made  from  fresh  coal.  H.  C.  Porter,  of  the  H. 
Stoppers  Company,  says  that  the  weathering  of  coal  in  the  open  has 

■i    of   this   Bubjed    li.     Ed*ar    Stansfield.    of   McGill   Uni- 
will   be    found    in    A r.    Investigation    of   the    Coals    of   Canada,    Vol.    VI,    pp.    95-120, 

t  Ibid.,    p.    | 
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a  considerable  effect  upon  the  coking  qualities.      A.   Ives,   Superin- 
tendent of  the  American  Zinc  Company  of  Illinois,  says  that  coal 
which  is  kept  on  the  ground  for  more  than  thirty  days  deterior. 
to  an  extent  which  renders  it  almost  useless  for  gas  making. 

Tests  to  determine  the  effects  of  the  age  of  coal  on  coking  quali- 
ties, made  by  J.  B.  Porter  in  Canada  on  coals  varying  in  age  from 
one  week  to  twenty-one  months,  showed  that  while  in  the  majority 
of  cases  the  difference  in  the  coke  was  very  slight,  in  some  cases  there 
was  a  marked  deterioration  of  the  coking  quality  of  the  stored  coal. 

J.  B.  Porter*  says:  "The  coking  quality  of  coal,  even  when 
stored  carefully  in  sacks,  does  deteriorate  somewhat  with  age,  al- 
though not  as  much  as  is  sometimes  supposed,  a  fact  which  was  con- 
firmed by  later  tests  on  comparable  coals.  It  was,  however,  shown 
that  different  coals  varied  very  much  in  their  susceptibility  to  aging." 

"White  has  found,"  according  to  Porter,!  "that  weathering 
materially  lowers  the  hydrogen-oxygen  ratio,  and  as  suitability  for 
coking  decreases  rapidly  as  this  ratio  falls  below  fifty-nine  per  cent, 
it  is  easy  to  see  that  a  relatively  small  amount  of  weathering  may 
produce  a  profound  effect  on  the  coking  qualities  of  a  coal  in  which 
this  ratio  is  close  to  this  limit." 

A.  R.  Delloll,  Superintendent  of  the  By-product  Coke  Depart- 
ment of  the  Inland  Steel  Company,  says: 

"We  know  by  experience  that  if  the  coal  is  heated  to  such  an  extent  that 
smoke  appears,  the  coke  resulting  from  this  coal  is  merely  a  conglomerate  of  small 
pieces.  The  coal  seems  to  have  lost  its  cementing  qualities  and  at  the  same  time 
th«'  heating  value  of  the  gas  will  decrease  from  forty  to  fifty  B.  t.  u.  In  the 
herein  we  were  troubled  with  coal  thus  affected  I  have  found  that  the 
yield  of  ammonia  was  only  slightly  affected,  but  the  yield  of  tar  more  so. 

"In  order  to  eliminate  this  trouble,  I  always  use  up  the  oldest  coal,  and  when 

the  shipping  season  stops  at  the  first  of  December  we  reclaim  the  coal  for  our 

OS  on  day  turn  in  such  a  manner  as  to  leave  in  our  si  >ni  for  coal 

taken  from  the  opposite  end  of  the  pile.     Thus  l«y  turning  and  airing  the  coal  we 

effectively  eliminated  coal  fibres  in  our  operation." 

Experiments  made  under  a  cooperative  agreement  between  the 
r.  s.  Bureau  of  Alines]  and  the  Gas  Experiment  station  of  the  Uni- 
versity of  Michigan  upon  Wesl  Virginia  and  Pennsylvania  gas  coals 
showed  thai  coals,  after  being  kepi  in  Btorage  for  periods  up  to  five 


■  An    li  m   of   the   Coali   of   Canada,    Vol.    VI.  p.   87,    LOIS. 

t  An  Investigation  of  tlir   I  i    \  <>1  .  p     IT 

X  Winn-.     A      If  ,    anl     I'.ik.T,     PtR  lc  for    •  •  ■(    Illumi- 

natinK  ouh."      I      s     Bureau  of   Ifinea,    Bui.   6,    1011. 
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years,  showed  changes  in  their  gas  making  properties  too  small  to  be 
detected  by  the  present  methods  of  testing  and  analysis.  Prof.  A.  H. 
White,  of  the  University  of  Michigan,  says : 

'  •  The  coal  was  piled  seven  to  nine  feet  deep  in  bins  with  separate  compartments 
so  that  the  coal  was  not  moved  until  the  time  came  for  its  particular  compartment  to 
be  tested.  The  temperature  of  the  coal  in  the  pile  was  measured  during  the  first 
few  months  and  no  spontaneous  heating  was  detected.  This  is  important  because 
it  is  known  that  coal  which  has  heated  is  inferior  as  a  gas  coal.  The  coal  was 
exposed  freely  to  all  the  effects  of  the  climate  of  Southern  Michigan,  which  is 
rather  damp  and  with  rather  severe  winters. 

•  •  The  main  body  of  the  coals  suffered  little  physical  change  during  the  five 
years  but  the  top  six  inches  crumbled  considerably.  Chemical  analyses  of  the  coal 
failed  to  reveal  any  material  change,  even  in  this  top  six  inches,  after  weathering 
five  years.  Neither  was  there  any  material  change  in  the  absolute  weight  of  the 
coal.  Samples  of  the  coal  immersed  in  running  water  showed  rather  more  change  in 
chemical  composition  than  did  the  coals  exposed  to  the  weather. 

' '  Gas  coals  of  this  type  can  be  exposed  to  the  weather  in  a  rather  severe 
climate  for  five  years  (provided  they  do  not  heat  in  storage)  and  at  the  end  of 
the  five  years  still  be  entirely  satisfactory  gas  coals." 

There  is  little  evidence  to  support  the  opinion  that  the  value  of 
middle  west  coals  for  gas  making  decreases  as  a  result  of  storage,  since 
these  coals  have  not  been  used  for  gas  making  until  recently. 


40.     Degradation  or  Breakage. — In  connection  with  the  storage 
of  coal,  degradation,  i.  e.,  the  breakage  of  large  lumps  into  smaller 
j,  is  the  result  of: 

(1)  A  physical  change  due  to  weathering  which  causes 
the  lumps  to  crack  and  break. 

(2)  Breakage  due  to  handling. 

>als  in  storage  alternately  dry  out  and  absorb  moisture.     This 
]<!  tends  to  break  up  the  lumps;  also,  flakes  of  pyrites  oxidize 

and  assist,  in  the  breaking  up  process.    Coals  of  high  moisture  content 
ral  deteriorate  from  breakage  due  to  weathering. 
Professor  Parr*  presents  results  with  reference  to  the  degrada- 
tion of  coal  stored  one  and  one-half  and  six  years.    These  results  are 
m  in  Tabli 


Properties  of  Coal."     Univ.  of  111.  Eng.  Exp.  Sta.,  Bui. 
'.r,,   p.   85,    1917. 
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Table  G 

Increase  in  Fixe  Material  After  One  and  One-Half  and  Six  Years  of 

Storage 

(Basis  of  Reference,  the  Total  Coarse  Material  in  the  Original  Coal 

Passing  Over   Ji   inch  Screen) 


Coal  and  County 

How 
Stored 

Initial 
Storage 

After  \V2  Years 

After  6  Years 

Table 
No. 

Dust 
Passing 
K-inch 
en 

Dust 

Passing 
^i-inch 
Screen 

Increase 

in 
Per  cent 

of 

Original 

Coal  over 

,'.i -inch 

Dust 
Passing 
3^-inch 
Screen 

• 

Increase 

in 
Per  cent 

of 

Original 

Coal  over 

}  4 -inch 

1 
2 
3 
4 
5 
6 

Nut: 
Sangamon 

Nut: 

Vermilion 

Nut: 

Williamson 

Screenings: 

Sangamon 

Scree nines: 

Vermilion 

Screenings: 

Williamson 

Open 

Open 

Covered 

Covered 

Open 
Covered 

1.2 
13.6 

1.4 
26.3 
37.7 
38.8 

13.2 
24.0 
11.0 
38.5 
Is  i 
45.  1 

12.1 
12.0 
111 

16.5 
17.1 
10.7 

31.9 
35.0 
13.9 
45.1 
49.6 
50.6 

31.0 
24   7 
12.6 
25.5 
19.1 
19.2 

Parr  concludes  from  the  results  of  these  tests  that  the  rate  of 
disintegration  is  consistent  for  a  given  variety  of  coal  and  suggests 
thai  the  oxidation  of  the  organic  material  may  be  as  largely  respon- 
sible for  this  breaking  down  of  the  particles  as  the  oxidation  of  the 
finely  divided  pyritic  sulphur.  The  sulphur  may  or  may  not  be  dis- 
tributed through  the  texture  of  the  coal;  this  characteristic  lias  not 
been  determined  for  Illinois  coal. 

The  amount  of  degradation  depends  upon  the  variety  of  coal, 
the  method  of  handling,  and  to  some  extent  upon  the  time  the  coal 
is  in  storage.     The  effect  of  time  depends  somewhat  upon  the  - 
of  the  storage  pile,  since  the  depth  to  which  the  deterioration  extends 
■  any  pile  is  not  very  great. 

Breakage  of  coal  in  handling  is  a  matter  of  greal   Imports] 
where  close  sizing  is  practiced  for  dome-tie  use,  ao1  only  becaus 

inci  he  amount  of  tines  and  thus  the  liability  to  firing,  DUl   B 

iu.se  it  means  reacreening  and  additional  cost.    Tl  very  little 

reliable  information  on  this  subject  at   present. 
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Iii  experiments*  to  determine  the  extent  of  breakage  of  Illinois 
a]  falling  through  different  heights  and  upon  different  materials, 
such  as  steel,  concrete,  and  wood,  L.  A.  Mylius  found  that  wetting 
the  coal  thoroughly  before  dropping  seems  to  decrease  breakage  ma- 
terially. Each  coal  has  in  itself  a  tendency  to  break  which  does  not 
vary  so  long  as  the  moisture  content  is  the  same.  As  a  given  coal 
gradually  dries  out  its  friability  increases;  thus  a  coal  dried  in  stor- 

with  a  decrease  of  from  fifteen  to  eight  per  cent  in  moisture  will 
break  more  readily  on  rehandling,  owing  to  the  change  in  moisture 
content  alone.  A  coal  which  is  wet  before  being  handled  seems  to  suffer 
38  breakage  from  handling  than  one  which  has  not  been  wet,  but 
these  statements  should  be  more  thoroughly  tested  before  being 
1 'resented  as  conclusive.  'In  one  of  the  discussions  on  coal  storage  at 
the  International  Railway  Fuel  Association  it  was  stated  that  there 
was  less  breakage  when  the  coal  was  handled  wet. 

The  apparatus  used  for  Mylius'  tests,  as  shown  in  Fig.  56,  con- 
's of  a  steel  framework  inside  of  which  a  box  is  raised  and  lowered 
by  means  of  ropes  passing  over  pulleys  at  the  top  and  attached  to 
a  small  hand  operated  roller.  The  hinged  bottom  of  the  box  can 
dropped  very  quickly  by  means  of  strong  springs. 

Tests  on  the  degradation  of  coal,  made  by  Porter  and  Ovitzf  are 
described  as  follows : 

' '  Fig.  57  shows  the  results  of  some  comparative  breakage  tests  made  on  lump 
coals  to  bring  out  this  point.    A  50-pound  sample  of  screened  lump  (over  2  inches) 
-  dropped  four  times  from  a  height  of  six  feet  and  the  coal  then  sized  by  screen- 
ing into  three  portions,  %  inch,  %  inch — y2  inch  and  %  inch — 2  inches.     The 
great  friability  of  the  low-volatile  Applachian  coals  is  clearly  shown  and  the  wide 
variation  between  different  coal  types.    It  is  found  in  practice  that  dust  and  fine 
1,  when  mixed  with  some  larger  coal,  add  greatly  to  the  danger  of  spontaneous 
iting.     A  single  instance  from  commercial  practice  will  serve  to  illustrate  this. 
The  Calumet  and  Hecla  Mining  Company  has  three  large  coal  storage  piles  of  125,- 
200,000  tons  each,  in  which  they  store  lump  coal  passed  over  1%-inch  bar 
j-t  before  placing  on  the  piles.    No  spontaneous  fires  have  occurred  since 
this  practice,  although  several  fires  had  been  experienced  in  the  same 
kind  of  coal  before  that  time. " 

The  following  values  given  by  R.  V.  Norris$  for  anthracite  coal 


•  These    c.\  hare    been    carried    on    in    the    laboratory    of    the    Department    of 

r,S   EnK  •   ity   of   Illinois,    but   they   have   been   interrupted   by   the 

withdrawal   of  Mr.   Mylius  to  join  the   Canadian  Army,   and  no  conclusive  results  are   avail- 
able   for    publication    at    this    tic 

of     Coal."       Original    Communications,     Eighth     In- 
of    App  istry,    Vol.    X,    pp.    2G4-266,    1912. 

f   Anthracite    Coal."    Trans.,    Am.    Inst,   of   M.   E.,    Vol.    38,    p.    314 
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Fig.  57.     Chart  Showing  Extent  of  Breakage  in  a  50-pound  Sample  of 

Screened  Lump  Coal  (over  2  inches)  dropped  from  a  Height  of  Six 

Feet  in  Per  Cent  of  Original  Sample 

(From  "The  Spontaneous  Combustion  of  Coal"  by  Porter  and  Ovitz) 


show  the  commercial  importance  of  degradation  from  handling,  be- 
cause witli  practically  all  bituminous  coals  the  amount  of  degradation 
would  be  much  greater  than  for  anthracite  although  the  depreciation 
in  value  for  bituminous  would  not  be  so  marked,  except  when  bi- 
tuminous coals  are  intended  for  domestic  pur; 


"Loss  in  Undersize  in   Passing  Through  Storage  Bins 


of  Coal 

.kape  into 

ill'T 

l'i  r  cent 

lllto 

3 

Tot                 ige 
Pic  cent 

8tove . . . 

lv  57 

1M      l«v 

s      1  » 
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4.06 
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•  •  Even  taking  half  these  figures,  which  would  be  most  conservative,  and  as- 
suming perfect  raeereening,  the  loss  at  seaboard  on  1,000,000  tons*  of  prepared  and 
pea  coal  in  about  the  usual  proportions  would  amount  to  $545,000,  as  shown  in 
the  following  table: 


Original 

Final 

Size 

Quantity 

Price 
per 
Ton 

Total  Value 

Quantity 

Price 
Per 
Ton 

Total  Value 

Tons 

130,000 

225,000 

195,000 

200,000 

250,000 

$4.75 
5.00 
5.00 
5.00 
3.25 
2.50 

1.75 

$  617,000 
1,125,000 

975,000 
1,000,000 

812,500 

Tons 

96,040 
191,770 
192,410 
215,040 
248,630 

35,515 

20,595 

$4.75 
5.00 
5.00 
5.00 
3.25 
2.50 

1.75 

$     456,190.00 

958,850.00 

962,050.00 

1,075,200.00 

Pea                  

808,047.50 

Rice      ) 

88,787.50 

36,041.25 

Barley  J 

Total 

1,000,000 

$4,529,500 

1,000,000 

$4,385,166.25 

' '  The  loss  in  breakage,  from  this  calculation,  is  54.5  cents  per  ton,  in  addition 
to  the  cost  of  storage. 

•  •  Many  attempts  have  been  made  to  reduce  the  breakage  involved  in  handling 
through  pockets,  and  this  is  often  minimized  by  the  use  of  shallow  pockets,  with 
resultant  loss  of  storage;  counter-chutes,  spirals,  and  shelf -chutes  in  the  deeper 
pockets,  and  the  use  of  feeding-shafts,  which,  when  properly  maintained  and  in- 
telligently used,  keeping  them  full,  feeding  in  at  the  top  as  the  coal  is  discharged 
from  the  bottom,  certainly  greatly  reduce  the  losses  by  dropping. ' ' 

Breakage  may  be  diminished  by  sliding  coal  along  chutes  or  along 
the  side  of  the  pile  rather  than  by  dropping  it.  Coal  moving  in  a 
Large  ma^  breaks  less  than  single  lumps.  Drawing  coal  from  the 
bottom  of  a  pile  under  pressure  results  in  heavy  breakage.  Handling 
prepared  coal  by  scraping  conveyors  produces  a  breakage  loss  of  from 
twin  to  four  per  cent,  according  to  the  method  of  feeding  and  dis- 
eharging,  there  being  very  little  breakage  during  transit.  Bucket 
; 'leakage  of  from  two  to  five  per  cent  according  to 

method  of  feeding  and  the  discharging. 

rl'li'-  commercial  importance  of  the  breakage  problem  in  connec- 
tion with  the  handling  of  coal  is  discussed  very  fully  by  Prof.  E.  A. 
Holbrook.* 


iration    of    Hituminous    Coal    at    Illinois   Mines. 
8U.,  Bui  16. 
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THE   STORAGE   OF   BITUMINOUS    COAL  127 

41.  Loss  in  Weight. — The  loss  in  weight  due  to  exposure  to  the 
air  is  a  matter  which  seems  to  be  generally  misunderstood.  Such 
loss  undoubtedly  occurs  whenever  the  water  evaporates  from  the 
coal.  Since  water,  however,  is  not  a  heat  producing  element,  but 
rather  is  a  heat  absorbing  one,  the  loss  in  weight  is  an  advantage, 
because  pound  for  pound  the  coal  has  a  higher  heating  value  after 
the  water  has  been  evaporated  than  before.  It  has  been  shown  by 
M.  L.  Nebel*  that  coal  as  it  occurs  in  the  ground  is  probably  satu- 
rated with  moisture  and,  although  the  moisture  gradually  dries  out, 
it  may  be  returned  to  the  coal  by  immersing  it  in  water.  This  fact  of 
course  has  no  practical  application  in  the  utilization  of  the  coal,  ex- 
cept in  connection  with  the  determination  of  its  specific  gravity. 


VII.     Expense  of  Storing  Coal 

Statements  and  estimates  of  the  expense  of  storing  and  reclaim- 
ing coal  have  been  submitted  by  many  public  service  corporations, 
industries,  coal  dealers,  and  railroads.  These  estimates  vary  widely 
according  to  the  conditions  under  which  the  storing  is  done  and,  for 
this  reason,  are  not  directly  comparable.  The  reports  were  sub- 
mitted in  response  to  the  questionnaire,  the  form  of  which  is  shown  on 
page  130,  but  in  only  a  few  cases  did  the  replies  contain  detailed  facta 
such  as,  for  instance,  the  expense  due  to  depreciation,  interest,  rental, 
in>urance  and  overhead.  Many  stated  that  it  was  impossible  to 
report  these  items  separately.  The  estimates  are  summarized  in  the 
following  list  in  which  are  also  given  page  references  indicating  the 
number  of  the  page  in  this  circular  on  which  more  detailed  information 
regarding  the  conditions  of  storage  may  be  found.  A  study  of  tl 
conditions  is  essential  to  a  correct  interpretation  of  items  of  expense 
reported. 

Other  statements  <>t'  the  expense  of  storage  may  be  found  in  the 
Proceedings  of  the  International  Railway  Fuel  Association.  1 


**  Specific     (iruvity     E  of     Illinois    Coals."       I'niv.    of    111.  St«„     BuJ. 

89,    p.    6.    1916. 

t  \'<>i.  vi,   Lit,   Vui.  vi  i 
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Expense  of  Storing  and  Reclaiming  Coal 

Pirm  Storing      Reclaiming 


Total 


Hand  Storage 

Bohmer  Coal  Company,  St.  Louis,  stored  on 
ground  and  reclaimed  by  hand  shoveling 

St.  Bernard  Mining  Company,  Nashville,  Tenn., 
dumped  from  wagons,  reclaimed  directly 
into  wagons,  p.  163 

Polar  Wave  Ice  and  Fuel  Company,  St.  Louis, 
hand  labor,  p.  161 

Crystal  Ice  and  Fuel  Company,  Danville,  III., 
stored  in  bins  by  dumping,  reclaimed  by 
shoveling,  p.  159 

Ebner  Ice  and  Cold  Storage  Company,  Vin- 
cennes,  Ind.,  by  hand  labor  and  conveyors, 
p.  161,  for  depreciation  and  interest,  .154 
cents,  also  under  water  .214  cents 

Rock  Island  Fuel  Company,  Rock  Island,  III., 
labor  only,  p.  159 

Uri  iversity  of  Illinois  Storage  with  motor  truck 
and  by  hand,  reclaimed  by  wagon  loader, 
p.  42  and  47 


Side  Hill  Storage,  estimated  in  1907,  p.  56 

Locomotive  Crane  Storage 

For  cost  of  locomotive  cranes,  see  page  60. 

Estimated   expense   of   operating  locomotive 

crane,  $1.50  per  hour,  or  3  cents  per  ton. 

A  large    wholesale  and  retail  coal   company 

monwealth  Edison  Company,  Chicago,  labor 
and  materials  only,  p.  61 

Clinch  field  Fuel  Company,  Dante,  Va.,  Crane 
and  trestle,  p.  04  and  67 

A  large  wholesale  and  retail  company  . 

burgh  Plate  Glass  Company,  Crystal  City, 
Mo  .  p.  165 

Company,    Rockjord,    III., 
p.  165 

Lain  Zinc  Company,  E.  St.  Louis,  III., 

p.   171 

Crerar-Cli.fi' h    and    Company,    Chicago,  hand 
and  locomotive  crane,  p.  161    .... 


$.22 
.48 


.08 


.21-.34 


.015 

.05 

.0671 

.25 
.10 
.20 


$.16 


.10 


.20 


.02 

.05 

.0655 

.25 
.10 
.15 


5.15-.30 


.64 
.17 

.368 

.18 

.41-.54 
.19 


.095* 

.10 

.1326 
.04-.20 

.50 

.20 

.35 

.25 


total  includes  $0  04  for  interest  and  $o.oj  lor  depreciation. 
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Firm 

Storing 

Reclaiming 

Total 

Locomotive  Crane  Storage — Cont'd 

Mineral    Point    Zinc    Company,    Depne,    III., 
p.   171       

I05-.06 

S.05-.06 

S.10-.12 

Estimate  by  C.  G.  Hall 

• 

Missouri,  Kansas  and  Texas  Ry.,  including  coel 

035 

035 

07 

Chicago,  Lake  Shore  and  South  Bend  Ry.,  p.  181 

.12 

Grand  Trunk  Pacific  Ry.,  p.  184      .... 

.(is 

.062 

.142 

Atlantic  Coast  Line,  p.  183 

.04-.05 

Central  of  Georgia  Railroad,  p.  180  .... 

.0258 

.0209 

.0467 

Steam  Shovel  Storage 
Union  Light  and  Power  Company  of  St.  Lou 
dumped    by    hand,    reloaded    by    steam 

.10 

.10 

.20 

Bridge  Storage 

Wisconsin  Gas  and  Electric  Company,  Racine, 
Wis.,  p.  166 

.08 

■_••_) 

.30 

Berwind  Fuel  Company,  Duluth,  Minn.,  p.  82. 

.00 

Link-Belt  Company,  estimate  for  bridge  stor- 
age,  p.  82 

.056 

.0515 

107.", 

Calumet  and  Hecla  Mining  Company,  Calumet. 
Mich.,  Hunt  system,  steam  shovel,  p.  174 

Summer 

Winter 

.15 
.15 

.(»:•. 
.11 

.22H 

.2()>, 

Large  swivel  bridge,  p.  82 

.06 

Under-water  Storage 

Kentucky  Coal  Company,  Kankakee.  ///., 
Storage  of  250,000  ton       -                  inn, 
pp.  100  and  101 

Metropolitan    Wafer    District,    Omaha,    \>f>r., 
p.  102 

.063 

063 

.120 

Estimate  by  C.  G.  Hall,  p.  106       .... 

.1823 

Peabody  Coal  Companjj,  Lnnont,  III.,  pp.   in  I 
and  10.") 

Estimated  expense  of  operation    . 

!  itimated  00e1  of  equipment,  ; 

Illinois  Trarhon  Sy  '                pp.  SS  and  S\),  for 

it  of  plant 

W'.trrn  Electric  Compel'                igo,  p.  Ss 

.04 

.09 

National  Zinc  ComponyjSprinafield,  p.  90  1913 

1917 

.10 

10 
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APPENDIX  I 


QUESTIONNAIRE  ON  COAL  SHORTAGE  DATA 

1.     Kind  of  Coal  Stored         State  and  District         Sizes  Stored        Amount  Kept 

Where  Coal  was  Mined  in  Storage 

Semibituminous 

(Pocahontas,  Central    Pa.,  W.  Md.)    

Bituminous  

Note:     Please  give  definitely  the  district  in  each  state  from  which  the  coal 
comes. 


2.  How  long  is  coal  kept  in  storage?     

Are  sizes  kept  separate  in  storage?     

4.  Is  slack  removed  before  storage?      

5.  How  long  time  elapses  between  the  mining  and  storing? 

6.  What  do  you  consider  the  best  months  to  store?     

7.  Why  do  you  consider  this  the  best  time  to  store?     

8.  Why  do  you  store  coal?     

9.  What  do  you  consider  the  financial  advantages  of  storing' 


10.  For  what  purpose  is  the  stored  coal  to  be  used?     

11.  Is  there  any  difference  in  the  selling  price  of  fresh  and  stored  coal 


]_:.     Does  the  coal  decrease  in  heating  value  as  a  result  of  storage? 
If  so,  to  what  extent?     


What  loss  is  there  through  breakage  as  a  result  of  storing  and  reclaiming  the 
U1        

14.     Does  the  COaJ  heat  up  after  being  stored  ?    

If  so,  how  boob  ?     

UK,     What  measures  arc  taken  to  prevent  heating?     

16.  In  case  of  heating,  how  is  coal  handled?     

17.  1  oal  injured  by  such  heating?     
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18.  What  method  of  storing  is  used?     

19.  What  method  is  used  for  reclaiming  the  store  I  eoal  I 

20.  Is  coal  stored  on  the  ground  ?     

21.  If  not  on  what  is  the  pile  built  up?     

22.  Is  pile  continuous  or  divided  by  partition  wall ? 

23.  Is  storage  under  cover  ?      

24.  What  is  the  shape  of  the  storage  piles?     

25.  What  is  the  height  of  the  storage  piles?     

26.  What  machines  are  used  for  storing?     

27.  What  machines  are  used  for  reclaiming?     

28.  Are  these  machines  satisfactory?     


29.  If  stored  under  water  what  percentage  of  water  is  retained  by  coal  when 
taken  from  storage?   

30.  In  storing  are  lumps  allowed  to  roll  down  and  accumulate  at  bottom  of  pile? 


31.  What  percentage  of  fines  below  yA  inches  are  present  when  stocked?   .  . 

32.  Cost  of  Storing  Reclaiming 


Overhead 

Labor 
Supplies 

Depreciation  on  mechani- 
cal   equipment 
Interest   on    investment 
Rental  on   land   on    which 

coal  is  stored 
Insurance  on  equipment 
Insurance  on  coal 

Totals- 


Note:     If  itemised  costs  arc  ool  available  please  give  totals  and  state  what 
totals  include. 

e  give  reference  to  any  articles  which  have  appeared  descriptive  of 
your  storage. 

84.    Information   furnished   by    

Official    position     

Company  


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


APPENDIX  II 


SUMMABY  OF  CONCLUSIONS  AND  SUGGESTIONS 

REGARDING  COAL  STORAGE 

The  questionnaire,  presented  on  page  130,  was  sent  out  to  a  large  number 
of  firms  and  individuals  and  on  the  basis  of  replies  a  summary  of  conclusions  and 
suggestions  was  prepared.  This  summary  included  as  nearly  as  possible  all  the 
suggestions  regarding  coal  storage  contained  in  the  replies.  It  was  then  sent  to 
those  who  had  replied  to  the  questionnaire  for  an  expression  of  opinion  and  the 
request  was  made  that  reasons  for  disagreement  be  given.  The  responses  were 
most  gratifying,  not  only  because  there  was  a  general  agreement  with  the  conclu- 
sions, but  because  so  much  care  was  evidently  taken  in  studying  the  summary. 
In  many  cases  no  answers  were  given  to  certain  questions,  possibly  because  the 
persons  replying  had  had  no  experience  with  the  particular  phase  of  the  subject 
in  question  and  did  not,  therefore,  wish  to  express  an  opinion.  Certain  answers  of 
• '  XO ' '  also  do  not  indicate  disagreement  from  the  conclusions,  but  merely  that 
the  conclusion  outlined  does  not  represent  the  practice  of  the  person  answering 
the  question  or  that  the  person  has  had  no  experience  with  that  phase  of  the 
question. 

The  answers  have  been  tabulated  under  three  heads:  YES,  NO,  and  DOUBT- 
FUL (?).  The  question  mark  does  not  necessarily  imply  that  the  conclusion  is 
questioned,  but  may  mean  merely  that  the  person  replying  had  no  data  upon  which 
to  base  an  opinion.  The  tabulation  of  replies  is  presented,  in  the  form  in  which 
the  summary  was  submitted  to  firms  and  individuals,  as  follows: 


clusions  and  Suggestions  Regarding  Coal  Storage 
(Submitted  to  175  corporations  or  individuals  storing  coal) 

It  is  impossible  to  give  definite  rules  and  regulations  regarding  the  storage 
of  coal  which  will  be  universal  in  their  application  and  each  storage  problem  must 
be  solved  in  accordance  with  such  local  conditions  as  the  kind  of  coal  to  be  stored, 
the  '"1   appliances  available,  the  capital  obtainable,   etc.     The  following 

are  some  suggestions  which  seem  fairly  to  represent  the  results  of  present  storage 
and  of  certain  theoretical  considerations  based  upon  experimentation. 
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Coal  is  stored: 

1.  To  assure  a  regular  supply  when  the  mines  are  shut 
down  or  when  coal  is  not  delivered  regularly  by  trans- 
portation companies 

2.  "To  take  advantage  of  low  water  freight  rates 

3.  Because  "the  price  is  often  less  at  certain  seasons  of 
the  year,  generally  in  the  summer 

4.  To   equalize  the   prices  on  the  different   sizes  of   coal 

5.  To  avoid  the  maintenance  by  the  railroads  of  equip- 
ment which  is  used  for  only  a  part  of  the  year 

6.  Coal  storage  should  not  be  considered  only  as  a  war 
expedient  but  as  an  essential  part  of  all  large  coal 
using  operations 

7.  Coal  should  be  stored  as  near  as  possible  at  a  point 
where  it  is  to  be  used  so  as  to  avoid  rehandling  and  to 
equalize  transportation  facilities 

8.  There  is  B  considerable  difference  in  the  ea.se  with  which 
different  coals  oxidize  and  this  must  be  considered  in 
storing  coal 

9.  Coal  exposed  to  the  air  seems  to  lose  some  of  the  vola- 
tile ingredients  which  assist  in  producing  spontaneous 
combustion;  hence  the  greater  the  time  elapsing  between 
the  mining  and  Btoring  of  the  coal,  the  less  is  the  liability 

to  spontaneous  combustion 

10.  The  opinion  formerly  held  that  the  chief  source  of 
spontaneous  combustion  is  the  pyrit  Iphur)  in  the 

■  been  substantiated  by  experiments.    There 
is,  however,  a  wide-spread  opinion  thai  coals  high  in 

sulphur  are  much  more  liable  to  >pontancou>  COmbustlOQ 

than  those  low  in  sulphur  and  an  effort  is  made  by  many 
in  choosing  a  coal  for  Btoraf  I  one  low  in  Bulphur 

11.  Although  the  oxidation  of  the  sulphur  is  not  the  prin- 
cipal heat  producing  element,  it  tends  to  break  up  the 
lumps  and  thus  increases  the  fine  coal  which  fires  easily 

12.  Some  coals  and  particularly  those  high  in  sulphur  heat 
more  readily  if  damp,  and  alternate  wetting  and  drying 

undoubtedly  harmful . 


Yes 

No 

M 

78 

6 

87 

6 

65 

11 

71 

2 

M 

i 
1 

79 

2 

78 

64 

4 

65 

71 
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13. 


14. 


15. 


16. 


17 


18. 


19. 


_ 


21. 


99 


24. 


All  varieties  of  bituminous  coal  may  be  stored  if  of  a 
proper  size,  if  the  fine  coal  and  dust  have  been  removed, 
and  the  coal  is  so  handled  that  dust  and  small  coal  are 
not  produced  in  the  storing  in  excessive  amounts     .      . 

Most  varieties  of  bituminous  coal  are  liable  to  sponta- 
neous combustion  if  the  fine  coal  is  not  removed  before 
storage 

In  storing  coal  handle  it  so  as  to  produce  a  minimum  of 
dust  and  fine  coal 

Owing  to  the  cost  of  screening,  to  the  difficulty  of  ar- 
ranging for  it  in  large  storage  piles  and  to  the  difficulty 
of  disposing  of  the  screenings,  it  is  often  not  practicable 
to  store  lump  or  screened  coal 

Unless  lump  and  screened  coal  are  piled  carefully  and 
in  low  piles,  crushing  is  likely  to  take  place  and  produce 
dust  near  the  bottom  of  the  pile  and  thus  to  start  spon- 
taneous combustion 

Pile  as  uniformly  as  possible  and  avoid  stratification  of 
large  and  small  lumps 

Aa  liability  to  spontaneous  combustion  increases  with 
the  temperature,  the  cooler  the  coal  is  when  stored,  the 
less  is  the  liability  to  spontaneous  combustion    . 

Coal  stored  in  cold  weather  is  less  likely  to  give  trouble 
than  that  stored  in  summer  and  where  summer  storage 
i-  necessary  the  liability  to  heating  is  much  less  if  the 
tge  is  carried  on  on  cloudy  or  cool  days 

I       1  of  different  varieties  should  not  be  mixed  in  storage 

if  this  can  be  helped,  since  such  mixture  seems  to  in- 

the  liability  to  spontaneous  combustion   . 

All  appliances  and  arrangements  should  be  so 
<\< signed  ae  to  make  it  possible  to  load  out  the  coal 
quickly 

1  should  not  be  stored  in  large  piles  unless  provision 

U  made  for  loading  it  out  quickly  in  case  of  spontaneous 

mbustion 

Knee  moisture  from  below  pontaneous  combus- 

tion the  storage  pile  should  reel  on  m  dry  base   . 


Yes 


76 


79 


78 


No 


74 


69 


75 


72 


70 


72 


83 


72 


74 


7 

3 

6 

4 

3 

2 

1 

THE   STORAGE   OF    BITUMINOUS    COAL 


135 


25.  Since  a  small  amount  of  water  seems  to  aid  spontaneous 

combustion,  the  drier  the  coal  is  when  stored  and  during 
storage,  the  less  is  the  liability  to  spontaneous  com- 
bustion     

26.  Do  not  allow  pieces  of  wood,  greasy  waste  or  other 

easily  combustible  material  to  be  mixed  with  the  coal 
during  storage  since  they  may  form  a  starting  point  for 
a  fire 

27.  Avoid  contact  between  the  coal  and  all  such  external 
sources  of  heat  as  steam  pipes 

28.  Pile  coal  as  uniformly  as  possible  and  do  not  allow  the 
lumps  to  roll  to  the  bottom  or  to  one  side  of  the  pile  and 
thus  form  a  flue  for  the  entrance  of  air  to  the  interior  of 

the  pile 

29.  Avoid  air  channels  in  a  coal  pile  such  as  occur  about 
imbedded  pipes,  the  bents  of  trestles,  cracks  through 
bulkheads,  etc.,  since   fires    frequently  originate  near 

such  air  channels 

30.  Unless  coal  can  be  piled  so  that  air  can  thoroughly  cir- 
culate through  the  pile  and  thus  carry  ofT  the  heat  as 
rapidly  as  it  is  generated  (this  is  very  difficult  t<>  accom- 
plish .  the  more  closely  fine  coal  is  piled  to  exclude  air  the 
better  

31.  Ventilation   of   coal   piles   by   means   of   pipes    running 

through  the  pile  has  usually  not  been  successful  in  pre- 
venting spontaneous  combustion,  because  the  air  does 

not   circulate   freely   throughout  the  pile  and    in   some 

eases  the  air  current-  through  these  pipes  seem  to  be 
starting  point-  for  fires 

32.  The  great  objection  to  ventilating  systems  is  thai  they 

interfere  with  the  handling  of  the  coal 

33.  'There  is  great  difference  of  opinion  in  regard  to  the 
height  of  piles  in  which  coal  may  be  stored  safely.  I 
seems  to  fire  almost  as  quickly  in  low  piles  as  in  high 
and  as  often  oeaz  the  top  or  outside  of  a  high  pile  as 
neai  the  bottom.  The  principal  disadvantage  of  high 
piles  is  that  coal  in  them  cannot  be  lily  removed 

M  from  a  low  pile 

34.  Water  i-  not  generally  successfully  applied  in  extinguish- 
ing lire  in  a  coal  pile,  because  it  is  impossible  thoroughly 

to   saturate    the    pile.      A    small    amount    -  aid 

ipontaneoui  combustion 
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No 


Yes 


35.  The  deterioration  in  coal  stored  under  water  is  negligible. 
Such  coal  absorbs  little  extra  moisture 

36  With  under-water  storage  if  the  entire  coal  pile  is  not 
covered,  the  part  of  the  pile  above  the  water  line  is 
liable  to  spontaneous  combustion 

37.  The  white  coating  on  the  outside  of  some  coal  piles  is 
very  thin  and  does  not  affect  the  value  of  the  stored  coal 

38.  The  best  method  of  handling  coal  in  danger  of  firing  is  to 
load  it  out  and  scatter  it  so  that  it  will  be  thoroughly 
cooled  off 

39.  Coal  which  has  a  tendency  to  spontaneous  combustion 
should  be  turned  over  frequently  to  keep  down  the  tem- 
perature, although  this  causes  an  increase  in  breakage 

40.  If  possible,  stored  coal  should  not  be  moved  until  it  is  to 
be  used,  unless  it  is  heating,  since  piles  which  have  ap- 
parently been  safe  have  taken  fire  when  opened  to  the 
air  and  the  coal  moved  elsewhere,  probably  because  of 
the  opening  up  of  new  faces  for  oxidation      .... 

41.  Coal  which  has  once  heated  and  cooled  is  not  subject  to 
the  same  oxidizing  processes  as  fresh  coal      .... 

42.  Coal  which  has  been  in  storage  is  considered  by  many 
to  burn  less  freely  when  fired  in  a  furnace,  but  this  is 
largely  prejudice  and  certainly  can  be  overcome  by 
keeping  a  thinner  bed  on  the  grate  than  with  fresh  coal 
and  by  regulating  the  draft 

43.  The  decrease  in  heating  value  as  a  result  of  storing  coal 

jmall  unless  the  coal  has  heated  up  sufficiently  to  de- 
compose the  coal  or  to  drive  off  the  volatile  ingredients 
and  the  loss  of  moisture  from  the  coal  may  increase  the 

.ting  power  per  pound  of  coal 

44.  The  coking  properties  of  eastern  bituminous  coals  are 
not  materially  affected  by  storing  unless  the  coal  heats, 

•  the  coking  properties  of  Illinois  and  other  Middle 
\y.  (usly  affected  or  destroyed  by  storage 

The  best  preventive  of  loss  in  coal  storage  is  the  con- 

ction  and  watching  of  the  coal  for  incipient 

iting  and  immediate  removal  of  coal  from  the  spot 

affected 
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The  following  is  a  digest  of  the  answers  given  to  the  summary  of  conclusions, 
listed  on  pages  133-136,  which  could  not  be  included  under  the  headings  listed  as 
"Yes,"  "No,"  and  "?"  These  opinions  show  that  the  experience!  of  those 
storing  coal  are  by  no  means  the  same  and  that  local  conditions  evidently  have  a 
great  deal  to  do  with  the  opinions  expressed. 

U<  <isons  for  Storing  Coal 

1.  To  assure  a  regular  supply  when  the  mines  are  shut  down  or  when  coal 
is  not  delivered   regularly  by  transportation  companies. 

2.  To  take  advantage  of  low  water  freight  rates. 

3.  Because  the  price  is  often  less  at  certain  seasons  of  the  year,  generally  in 
the  summer  or  spring. 

4.  To  equalize  the  prices  on  the  different  sizes  of  coal. 

5.  To  avoid  the  maintenance  by  the  railroads  of  equipment  that  is  used  for 
only  a  part  of  the  year. 

Comments : 

' '  To  have  a  supply  on  hand  for  special  seasons,  such  as  during  the  grain 
rush." 

"To  reduce  cost  of  production  at  the  mine  by  giving  more  uniform  run- 
ning time  and  thus  utilizing  labor  and  equipment  to  best  advantage." 

"To  provide  against  labor  unrest  at  the  mines." 

"To  equalize  distribution  of  coal." 

"Make  3  to  read,  because  the  producers  will  often  make  price  conces- 
sions on  sized  coal  at  certain  seasons  of  the  year  (generally  in  the  summer) 
which  will  offset  the  storage  expense  incurred  by  the  consumer. ' ' 

"Amend  4  to  read:  From  the  standpoint  of  the  producer  it  is  advanta- 
geous to  store  some  sizes  at  the  mines  or  at  distributing  centers  to  equalize 
more  nearly  the  prices  on  different  sizes  of  coal." 

''Most  of  the  large  dock  companies  contract  their  tonnage  at  a  fixed 
price  for  the  season." 

"Screenings  may  be  higher  in  summer  than  in  spring  and  fall  on  ac- 
count of  decreased  operations  of  mines  and  lack  of  demand  lor  screened 
sizes. ' ' 

Advisability  of  Stor<i<i> 

G.  Coal  storage  should  not  be  Considered  only  u  a   irar  expedient   hat   ■ 

essential  part  of  all  large  coal   using  operations, 

ni'  nts  : 

"May   be  true  at    sonic   industrial   plants,   never   true   on   :i    railroad.      The 
storage  of  coal  on  a  railroad   is  done  only  to  meet   a   possible  short 
due    to    mine    strikes    or    other    causes.       It     Is    alwajl    BIOl 

railroad  to  Store  coal  than  it   is  to  rely  upon  a  current   supply  the  J  mad 
Seasonable    use    of    equipment,    or    traffic    conditions,    IPOUld    not    in- 
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lluence  the  storage  of  coal  on  a  railroad  as  the  expense  of  handling  and  stor- 
ing is  great  enough  to  overcome  any  or  all  these  conditions." 

'  *  Should  be  more  zealously  practiced  in  peace  times  than  during  war. 
Should  be  strictly  limited  in  war  times." 

Place  of  Storing 

7.  Coal  should  be  stored  as  near  as  possible  to  a  point  where  it  is  to  be 
used  so  as  to  avoid  rehandling  and  to  equalize  transportation  facilities. 

Comments: 

"Rehandling  is  a  preventive  against  fires  and  is  an  advantage  where 
coal  is  to  be  used  for  coke  and  is  pulverized  anyhow." 

1 '  Should  be  stored  at  point  of  use  and  at  mines. ' ' 

' '  Preferably  so,  but  in  order  to  avoid  transportation  difficulties,  rather 
than  for  the  reasons  given.  Coal  can  be  unloaded  into  storage  at  some  in- 
termediate point  and  later  loaded  up  and  forwarded  to  its  destination  on  the 
original  freight  rate. ' ' 

1 '  All  modern  mines  should  have  storage  at  the  mines  as  well  as  at  point 
of  consumption. ' ' 

' '  Railroads  should  store  heavily  in  spring  months,  February  1  to  May 
1,  so  that  they  can  serve  the  public  and  keep  their  locomotives  and  cars  busy 
in  the  dull  season. ' ' 

Liability  to  Spontaneous  Combustion 

8.  There  is  a  considerable  difference  in  the  ease  with  which  different  coals 
oxidize  and  this  must  be  considered  in  storing  coal. 

Comments : 

' '  Broadly  eastern  and  western  coal  should  never  be  stored  together. ' ' 
' '  Not  of  great  practical  importance  among  the  high  grade  Appalachian 

coals;  applies  to  essentially  different  types  of  coal." 

1  *  You  can  store  western  coals  without  loss  and  danger  from  heating  and 

it  becomes  a  question  of  going  as  close  as  you  can  to  the  danger  line  to  get 

the  storage." 

9.  :1  exposed  to  the  air  seems  to  lose  some  of  the  volatile  ingredients 
which  assist  in  producing  spontaneous  combustion;  hence  the  greater  the 
time  elapsing  between  the  mining  and  storing  of  the  coal,  the  less  is  the 
liability  to  spontaneous  combustion. 

I 

"The  general   opinion  is  that  it  is  not  the  loss  of  volatile  ingredients 

which  lessens  the  liability  to  spontaneous  combustion  of  coal  which  has  been 

;  to  air  for  a  period  of  time  before  storing,  but  rather  it  is  believed 

that  during  this  preliminary  period  of  exposure  to  air,  the  surfaces  of  the 

■1  have  I  omewhat  satisfied  in  their  capacity  for  absorbing  oxygen 

;   absorption   becomes  h-ss.     Since  the  oxygen  combines  chem- 
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ically  with  generation  of  heat,  the  faster  the  rate  of  absorption,  the  greater 
will  be  the  tendency  to  spontaneous  combustion." 

"Think  that  this  is  due  to  completed  oxidation  and  degradation  of  all 

sulphur  compounds.  I  have  never  heard  that  the  extension  of  time  between 
mining  and  storage  minimize.  1  ehaneea  of  combustion.     It  is  very  interesting." 

1 '  Seems  reasonable,  but  as  car  or  boat  must  be  unloaded  on  receipt,  do 
not  see  much  value  in  the  suggestion. 

"Coal  which  has  passed  through  the  heating  process  successfully,  that  is, 
without  ignition  may  lay  for  years  without  further  heating." 

"Depends  on  whether  the  decreased  liability  of  fire  is  more  essential 
than  the  decreased  coking  qualities  of  the  coal. ' ' 

' '  Our  experience  has  been  that  coal  obtained  from  western  Kentucky 
coal  fields  is  much  more  likely  to  fire  in  storage  than  coal  from  eastern 
Kentucky  coal  fields." 

' '  Cannot  confirm  conclusion,  as  coal  that  had  been  in  storage  for  years 
took  fire  after  it  had  been  moved  and  restored." 

1 '  Do  not  notice  any  difference  between  storage  at  mines  and  distant 
points. ' ' 

"Probably  but  not  confirmed  by  our  practice." 

1 '  The  loss  of  volatile  matter,  if  any,  is  irrelevant  and  immaterial ;  it  has 
nothing  to  do  with  the  liability  to  spontaneous  heating  which  is  caused  rather 
by  surface  oxidation." 

1 '  I  doubt  this  difference  being  enough  to  give  it  commercial  considera- 
tion. » » 

' '  The  reason  for  this  is  probably  that  moisture  is  less. ' ' 

"Is  there  not  some  ambiguity  possible  in  this  paragraph!  Evidently 
refers  to  storage  of  coal  in  room  at  mines,  not  storage  of  coal  in  large  quan- 
tities by  mining  companies  at  surface.  Public  might  interpret  this  to  mean 
feasibility  of  operators  storing  large  quantities  of  coal  at  surface  during 
periods  of  slack  demand." 

"Since  coal  has  a  limited  absorbing  power  for  oxygen,  after  the  surfaces 
are  exposed  to  the  air  for  some  time  there  is  less  liability  to  spontaneous 
combustion." 

Effect  of  Sulphur  on  Spontaneous  Combustion 

10.         The  opinion  formerly  held  that  the  chief  source  of  spontaneous  combus 
tion  is  the  pyrites  (sulphur)   in  the  coal  has  not  been  substantiated  1 
periments.     There  is,  however,  ■  wide-spread  opinion  that  eoals  high  in 
sulphur  are   much    more   liable  to   spontaneous   combustion   than    those   low 
in  sulphur  and  an  effort    is  made*   by   many   in   shoonfag  ■  BOSj   foi   storage 
to  get  one  low  in  sulphur. 

Commi  Hi$: 

"There  seems  to  be  a  rather  genera]  impression  that  sulphur  is  the 
determining  factor  of  spontai  •  ,1-ustion.      In   BOOM  I  of  samples 

which  I  took,  the  coal  analyzed  anywhere  frOSD  f0UT  BO  live  DSC  cent  sulphur, 
and  this  pile  has  been  on  the  gTOUttd   foi  OfSS   fOUI  years  and  another  pile  of 
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the  same  coal  for  a  period  of  six  years  without  firing.  This  seems  to  be 
conclusive  evidence  that  sulphur  is  not  the  determining  factor." 

"Pocahontas,  New  River  and  other  high  grade  smokeless  coals,  which 
are  low  in  sulphur,  are  extremely  liable  to  fire,  undoubtedly  caused  by  oxida- 
tion, as  we  have  frequently  found  small  fires  within  two  feet  of  the  top  of 
a  forty-foot  pile  and  again  at  the  floor  in  the  very  center." 

• '  I  have  wondered  whether  pyrite  and  iron  nail  and  water  might  not 
start  a  fire.  See  Watt's  Dictionary  of  Chemistry  on  the  Result  of  mixing 
pyrite  and  wet  nails  under  a  clay  pot.  An  explosion  takes  place  the  steam 
blowing  off  the  clay  cap. ' ' 

• '  We  have  never  had  trouble  in  storing  West  Virginia  coal  which  is  low 
in  sulphur.  All  the  coal  which  we  stored  this  year  and  which  caught  on  fire 
was  high  in  sulphur. ' ' 

"Pocahontas  with  lower  sulphur  gives  more  trouble  than  Pittsburgh 
with  higher  sulphur." 

"All  cases  of  spontaneous  combustion  observed  have  been  high  or  mod- 
erately high  sulphur  coals." 

1 '  The  sulphur  is  generally  associated  with  elements  that  promote  sponta- 
neous combustion. ' ' 

' '  This  is  the  general  practice  and  opinion.  I  cannot  vouch  for  its  correct- 
ness. ' ' 

1  i  This  belief  is  losing  strength. ' ' 

' '  The  fact  that  coal  is  low  in  sulphur  is,  in  my  opinion,  no  evidence  that 
it  is  a  suitable  coal  for  storage.  The  coal  on  the  Milwaukee  and  Western 
Fuel  Company  docks  at  Milwaukee  have  been,  on  fire  for  a  number  of  years. 
The  coal  is  unloaded  in  the  summer,  immediately  begins  to  heat  and  they 
never  succeed  in  extinguishing  the  fire  until  the  next  cargo  comes  in  the 
following  year.  This  coal  is  24 -inch  Youghiogheny  slack  containing  not  to 
exceed  .75  sulphur.  On  the  other  hand  I  have  personally  stored  in  Louisville, 
Kentucky,  a  large  tonnage  of  a  straight  creek  coal  containing  about  the 
same  amount  of  sulphur  and  have  had  no  trouble  whatever  with  the  same 
heating  although  the  coal  was  piled  twenty  feet  high  and  remained  in  stor- 
age two  years. ' ' 

11.  Although  the  oxidation  of  the  sulphur  is  not  the  principal  heat  producing 
element,  it  tends  to  break  up  the  lumps  and  thus  increases  the  fine  coal 
which  fires  easily. 

Comments : 

1 '  Therefore  the  presence  of  the  sulphur  facilitates. ' ' 
' '  Do  not  concur  in  the  conclusion,  as  in  warm  weather  the  heating  takes 
place  before  there  is  time  for  such  disintegration." 

"I  have  stored  considerable  lump  coal  which  was  high  in  sulphur  and 
have  taken  the  same  out  of  storage  four  or  five  months  later  and  have  not 
found  that  the  high  sulphur  coal  caused  any  more  degradation  than  any 
Othf  of  coal.     I  have  stored  the  majestic  lump  coal  from  the  mine  in 

Prairie  County,  which  is  extremely  low  in  sulphur,  and  have  found  that  it 
hrf-akn  up  fully  as  much  as  high  sulphured  coal." 
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Effect  of  Moisture  on  Spontaneous  Combustion 

12.  Some   coals  and  particularly  those  high   in   sulphur  heat  more   readily   if 
damp,  and  alternate  wetting  and  drying  is  undoubtedly  harmful. 

Comments  : 

' '  Make  to  read  most  instead  of  some  coals. ' ' 

"Moisture  is  a  cause  of  spontaneous  combustion." 

"Not  true  of  the  hard  bituminuous  coal,  like  McAlester,  Oklahoma,  Colo- 
rado and  Pennsylvania  bituminous." 

' '  All  the  coal  that  I  have  ever  stored  has  been  stored  in  the  open  so  that 
same  has  been  exposed  to  the  weather  and  the  alternate  wetting  and  di 
but  have  never  noticed  that   this   had  anything  to   do   with   the   coal   firing, 
although  some  of  the  coal  stored  was  high  in  sulphur  and  did  not  fire." 

Eelation  of  Size  of  Coal  to  Spontaneous  Combustion 

13.  All  varieties  of  bituminous  coal  may  be  stored  if  of  a  proper  size,  if  the 
fine  coal  and  dust  have  been  removed,  and  the  coal  is  so  handled  that  dust 
and  small  coal  are  not  produced  in  the  storing  in  excessive  amounts. 

Comments : 

"Do  not  think  many  coals  can  be  handled  in  this  way  successfully.'' 
"Yes,  but  impracticable." 

"All  is  a  sweeping  word.     Should  prefer  nearly  all  or  probably  all." 
nWi'  have  never  had  any  trouble  with  lump  coal,  but  have  had  trouble 
with  mine  run.  " 

"And  the  pile  is  not  too  high." 

"Excepting  unwashed  screenings. " 

"Impracticable  and  almost  impossible. " 

"Desirable;   not  always  practicable." 

"Gleaned  coal  undoubtedly  lias  less  liability  to  fire  than  coal  with  slack." 

"Fine  coal  should  be  removed  thoroughly  or  else  run  of  mine  stored. 

Partial  ventilation  worse  than   imiie." 

"Some    bituminous    coal    will    slack    and    then    is    no    longer    sized    and    is 
likely  to  burn. ' ' 

••Hard  to  do  and  expensive." 

"Simply  a   matter  of  \ent  ilation.  " 

"So  far  I   have  had   i  ■..•nee   in   storing  coal   with   the   tine  dust    re 

moved.  In  ordinary  commercial  undertakings  where  large  volumes  of  c>;il 
are  U)  DC  Stored,  it  seldom  happens  thai  the  fine  dust  i>  removed.  I,  there 
fore,  do  not   know  what   effect    it   would  have   if  BUCh   could   DC  accomplish. 

"All  kinds  may  be  kept   Lf  stored  properly.     We  store  lack 

under  water. 

•  •  Not  practicable  for  railroad 

mlphur    mine    run    coal    with    slack    in    it     if     ; 

handled.  " 
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"1  believe  that  the  character  of  coal  has  a  great  deal  to  do  with  spon- 
taneous combustion,  in  that  a  soft,  porous  coal  which  fires  much  more  quickly 
than  a  more  solid  one,  possibly  due  to  additional  breakage  and  water,  and 
moisture  absorption  by  the  porous  coal. ' ' 

"As  a  result  of  our  experience  this  year  we  have  decided  to  store  only 
lump  coal  in  the  future,  getting  coal  that  is  as  free  from  sulphur  as  possible. 
We  will  store  it  in  a  number  of  small  piles  of  not  over  1500  to  2000  tons 
each  separating  the  piles  by  a  distance  sufficient  to  prevent  the  spread  of 
fire. ' ' 

"Heating  in  storage  coal  is  proportional  to  the  amount  of  coal  surface 
(not  pile  surface)  in  contact  with  air.  If  the  sizes  of  the  lumps  are  large, 
the  amount  of  surface  exposed  is  relatively  small,  and  so  too  is  the  amount 
of  heat  evolved.  If,  however,  the  pieces  of  coal  are  small,  including  a  con- 
siderable amount  of  coal  dust,  the  amount  of  contact  surface  is  enormously 
increased,  the  amount  of  heat  evolved  is  also  increased,  and  the  danger  of 
the  temperature  of  the  coal  rising  to  a  point  where  active  combustion  will 
take  place  is  much  greater. ' ' 

1 '  This  would  indicate  two  principal  ways  of  storing  coal  so  that  it  will 
not  take  fire: 

(1)  Store  large  lumps  only,  thus  reducing  the  amount  of  surface  exposed 
to  the  air. 

(2)  Store  fine  coal  only,  packed  so  tightly  that  there  will  be  no  voids 
through  which  air  can  circulate." 

1 '  The  friability  or  ease  of  breakage  of  coal  is  a  very  important  factor 
affecting  spontaneous  combustion  and  is  the  cause  of  the  prevalence  of  this 
trouble  with  semibituminous  coals. ' ' 

"Use  screened  coal  for  storage.  Size  of  piles,  kind  of  weather  condi- 
tions, conditions  of  storage  and  sulphur  content  are  then  of  minor  impor- 
tance. " 

"We  cover  our  coal  pile  with  fine  raw  dust  when  we  discover  the  top  or 

outside  of  the  pile  burning,  thus  preventing  the  air  having  access  to  coal  and 

increasing  the  fire.     We  are  able  to  successfully  check  a  fire  in  this  manner 

for  a  few  weeks  until  we  are  ready  to  move  the  pile." 

14.         Most   varieties  of   bituminous   coal  are  liable   to   spontaneous   combustion 

if  the  fine  coal  is  not  removed  before  storage. 

Comments : 

"Not  high  grade  hard  bituminous." 

"It  i-  best  to  store  mine  run  coal  in  small  piles  to  lessen  danger  of 
spontah'  mbustion." 

"To  a  certain  extent." 
"More  liable." 

•  We  have  never  been  successful  in  storing  either  screenings  or  mine  run 

■1  in  large  piles  above  ground.     In  our  storage  operations  at  the  present 

tin  •  confining  ourselves  to  selected  mine  run.    In  making  this  selection 

we  choose  eoal  having  a  very  small  percentage  of  screenings  in  it.     We  find 

that  even  this  selected  eoal  when  piled  in  large  piles  will  start  heating  and 

•  ntually   fire." 
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"Choose  the  right  coal  to  store.     Store  screened  coal  if  ii:  doubt.11 
"I  think  that  the  quality  and  structure  of  the  eoal  placed  ii.  storage  is  of 
more  importance  than  the  manner  in  which  tlif  lamp  or  screening  coal  i< 

piled.  If  the  coal  is  soft,  it  will  undoubtedly  break  up  and  in  these  days  when 
labor  is  so  scarce,  it  is  necessary  to  handle  more  of  the  coal  with  some  mechan- 
ical device,  particularly  by  a  clam-shell.  This  manner  of  handling  is  very 
rough  but  we  have  a  number  oi  piles  fourteen  to  sixteen  feet  high  of  lump. 
egg  and  nut  which  have  been  handled  in  this  manner  and  we  have  had  no 
trouble  with  spontaneous  combustion." 

15.  In  storing  coal  handle  it  so  as  to  produce  a  minimum  of  dust  and  tine 
coal. 

Comments  : 

1 '  Not  practicable  for  railroads. ' ' 

"Yes,  where  possible;  depends  on  machinery,  quantity,  quality  of  coal 
and  ground  area. ' ' 

16.  Owing  to  the  cost  of  screening,  to  the  difficulty  of  arranging  for  it  in  large 
storage  piles  and  to  the  difficulty  of  disposing  of  the  screenings,  it  is 
often  not  practicable  to  store  lump  or  screened  coal. 

Comments: 

1  '  Lump  coal  that  is  practically  free  from  fines  or  dust  is  to  a  large 
extent  self  ventilating  and  therefore  safe  for  a  reasonable  time  if  other  con- 
ditions are  favorable.  On  the  other  hand,  fine  coal  entirely  free  from  lumps 
which  would  form  air  pockets  and  chimneys  may  be  Stocked  almost  U  safely 
as  the  lump.    A  combination  of  the  two,  such  as  run  of  mine,  is  dangerous*'' 

'•  We  Store  as  much  crushed  coal  as  possible." 

"There  i^  no  difficulty  in  disposing  of  the  screenings.  When  we  buy 
coal  for  storage  we  have  it  screened  at  the  mine,  and  the  screenings  are.  used 
for  our  daily  service. ' ' 

%,it  is  perfectly  practicable  to  store  lump  or  -  I  coal  but  such  eoal 

costs  more  per  ton. ' ' 

"This  was  true  until  the  last  few  years.  During  I91fl  17  there  was  a  very 
large  demand  for  screenings.'1 

"Storage  of  screenings  is  dangerous  under  any  conditio] 

"Depends    upon    intended    use    of    coal.'' 

' ' Depends  on  coal." 

"Coal  should  be  screened  at  the  mine  and  only  ti.  not   readily 

marketable  should  be  Stored.  This  probably  would  mean  in  normal  times 
that  there  is  a  supply  of  lump  and  Bgg  OOal  in  the  summer  which  would  l"' 
the   grade    that    the    ordinary    householder    should    St  At    the    present    time 

it    is    (dearly    developed    that    the    distribution    of    don  il    burdens    the 

railroads   to   |    greater   extent    for   the   amount    of   tonnage    Involved    than 

other  class  <>!'  coal  businoos     The  movi  twitching  and  placing  in  sii 

cars    results    in    greater    delay    to    equipment.    .  j    of    efficiency    from 
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motive   power  and   engine  crews  and  in  every  way  increases  the  operating 
difficulties. ' ' 

"I  would  say  sometimes  instead  of  often.  It  is  generally  practicable 
and  the  expense  of  it  is  generally  a  reasonable  insurance. ' ' 

Height  of  Pile 

17.  Unless  lump  and  screened  coal  are  piled  carefully  and  in  low  piles,  crush- 
ing is  likely  to  take  place  and  produce  dust  near  the  bottom  of  the  pile 
and  thus  to  start  spontaneous  combustion. 

Comments: 

"We  have  piled  lump  coal  in  piles  thirty  feet  high  and  have  never  had 
trouble  with  spontaneous  combustion. ' ' 

"Crushing  has  not  been  noticed  in  piles  twenty -five  feet  high.  Fires 
start  at  a  depth  between  four  and  eight  feet." 

'  ■  We  do  not  find  it  so.    Pile  as  high  as  sixty  feet  with  little  crushing. ' ' 

"Don't  store  in  piles  over  eight  feet  high." 

1 '  Depends  on  the  character  of  the  coal. ' ' 

1 '  Where  coal  is  placed  in  storage,  it  should  not  be  scattered  over  a  con- 
siderable area  in  thin  layers,  but  should  be  piled  in  one  mass  as  much  as 
possible. ' ' 

i  '  Weight  is  a  big  factor ;  so  restrict  open  air  storage  to  piles  eight  feet 
high.    Under-water  storage  is  the  best." 

Uniform  Piling 

18.  Pile  as  uniformly  as  possible  and  avoid  stratification  of  large  and  small 
lumps. 

Comments : 

"I  have  replied  'no'  as  we  store  in  the  neighborhood  of  1,000,000  tons 
coals  per  year  and  it  is  absolutely  impossible  to  avoid  stratification  of  the 
large  and  small  lumps. ' ; 

"Impracticable  unless  the  coal  is  put  into  a  pit  or  a  bin.  When  piled 
in  a  pyramidal  pile,  fine  coal  will  stay  on  the  ridge  and  the  larger  sizes  roll 
to  the  bottom  and  edge." 

"Impracticable  to  follow  out  this  suggestion." 

' '  Not  practicable  for  railroads. ' ' 

' '  True  for  some  coals,  not  for  others. ' ' 

"It  is  further  important  that  the  tops  of  all  piles  be  finished  off  as 
nearly  level  as  possible,  avoiding  to  as  large  an  extent  as  possible  peaks  and 
valleys  over  the  surface.  In  the  unloading  of  coal  from  buckets  into  storage 
the  larger  tnmpa  tend  to  roll  to  the  bottom  of  the  pile  along  the  surface  of 
the  coal  already  in  storage,  so  that  unless  care  is  taken  in  the  dumping  a 
eoal  pil<;  will  consist  of  fine  coal  in  the  center  with  a  fringe  of  large  and  in- 
termediate tamps  along  its  edges.  Fires  very  frequently  start  along  these 
edges,  for  o\>\.  ions,  and  if  the  coal  is  to  be  kept  in  storage  any  great 

length  of  time  the  lumps  should  be  either  removed  or  the  whole  covered  with 
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fine  coal  so  as  to  remove  from  contact  with  the  air  the  mixture  of  lumps  and 
fines. ' ' 

1 '  Very  important. ' ' 

Temperature  at  Time  of  Storage 

19.  As  liability  to  spontaneous  combustion  increases  with  the  temperature, 
the  cooler  the  coal  is  when  stored,  the  less  is  the  liability  to  spontaneous 
combustion. 

Comments: 

'•  We  commence  storing  coal  at  the  head  of  Lake  Superior  at  the  opening 
of  navigation,  but  have  never  had  fires  during  the  rammer  time.  They  usually 
make  their  first  appearance  during  the  month  of  September  and  we  have  the 
situation  well  in  hand  prior  to  December  1." 

"The  variation  in  the  temperature  of  mined  coal  is  so  slight  that  I 
question  whether  this  would  have  any  bearing. ' ' 

"Theoretically  but  would  not  make  much  difference  in  practice.'1 

"Believe  this  will  effect  but  short  delay." 

"Do  not  believe  this  applies  to  large  and  deep  storage.  Outside  temper- 
ature  of  no  account  in  such  cases." 

"Yes,  for  the  time  being,  but  the  pile  will  not  be  permanently  safe  until 
it  has  gone  through  a  summer. ' ' 

"Doubt  if  there  is  anything  in  this  suggestion,  as  the  majority  of  our 
fires  occur  after  the  coal  has  been  stored  for  some  time  and  bear  no  relation 
to  the  temperature  of  the  coal  at  the  time  it  was  placed  in  storage,  as  all  our 
coal  is  stored  in  the  open." 

1 '  Possibly  slight  effect. ' ' 

"Yes;  but  negligible  compared  with  item  of  fine,  fresh  coal  dust.-' 

"In  cold  countries  storage  in  the  open  is  less  liable  to  spontaneous  coin 
bastion  than  storage  under  cover." 

20.  Coal  stored  in  cold  weather  is  less  likely  to  give  trouble  than  that  stored 
in  summer  and  where  summer  storage  is  necessary  the  liability  to  heating 
is  much  less  if  the  storage  is  carried  on  OB  cloudy  or  cool  da 

Comments: 

"Difference  in  temperature  of  tin-  coal  at  the  time  of  itoring  may  have 
Borne  influence,  but  under  ordinary  conditions  where  large  quantities  of  eoal 

are  stored,  there  is  very  little  choice  M  to  the  time  the  coal  can  DC  pat   down.'' 
■■  Naturally,  we  have  to  store  OUT  coal   regardlcSi  "t"  weather  conditions.'' 

"Perhaps  at  the  time  but  doobt  importance. ' ' 
"Not  important.'1 

•  •  Believe  thii  is  of  little  benefit. ' ' 

"Do  not   find  any  difference  ifl   summer  and   wint.  : 

•  •  Rather  a  line  distinction. 

''Would   omit    this.      Impracticable.  » * 
UYSS,   but   how  can   such   days  be  chosen? 

"Yea;  bat  negligible*  l  with  item  of  fine,  oal  dust 
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Effect  of  Mixing  Coals  in  Storage 

21.  Coal  of  different  varieties  should  not  be  mixed  in  storage  if  this  can  be 
helped,  since  such  mixture  seems  to  increase  the  liability  to  spontaneous 
combustion. 

Comments  : 

1 '  Extremely  important.  We  have  experienced  no  trouble  with  the  heating 
of  stored  coal,  and  the  only  time  we  have  ever  had  a  fire  on  our  dock  was  when 
we  bought  a  number  of  different  kinds  of  coal.  We  have  our  coal  dock  situated 
close  to  the  brewery  and  we  generally  purchase  our  coal  before  the  opening  of 
navigation,  and  have  such  a  capacity  that  the  coal  can  come  in  almost  as  fast  as 
the  companies  desire  to  send  it  to  us,  all,  of  course,  coming  in  during  the  season 
of  navigation.  Our  usual  method  is  to  purchase  our  entire  season's  supply  from 
one  company  and  secure  all  the  coal  from  one  mine.  Mixed  coals  are  not  only 
objectionable  on  account  of  the  danger  of  spontaneous  combustion,  but  different 
coals  require  different  methods  of  firing. " 

1 '  If  coal  that  is  known  to  give  trouble  from  spontaneous  combustion  is  mixed 
with  coal  that  does  not,  it  will  undoubtedly  increase  the  liability  for  the  sponta- 
neous combustion  of  that  given  pile.  However,  if  two  coals  are  mixed  together 
in  which  there  is  very  little  difficulty  of  spontaneous  combustion,  I  doubt  if  it 
makes  very  much  difference  if  they  are  mixed  or  not." 

"Believe  this  effect  is  more  a  result  of  stratification  than  of  difference  of 
quality. ' ' 

"Probably  true  and  vital  to  docks  storing  large  quantities  of  coal." 

' '  We  mix  our  coals. ' ' 

* '  Not  borne  out  by  our  experience. ' ' 

1  *  We  have  not  found  this  to  be  true. ' ' 

1 '  Should  never  be  mixed  in  pile. ' ' 

1  *  Highly  important. ' ' 

1 '  Do  not  believe  this. ' ' 

"Coal  stored  from  different  mines  together  if  not  submerged  appears  in- 
advisable. ' ' 

"Depends  on  meaning  of  varieties;  in  general,  yes. " 

1 '  Know  case  where  two  coals,  which  in  themselves  will  not  fire,  yet  fired 
when  stored  together,  but  a  few  tons  of  coal  which  fires  readily  will  set  a  pile  on 
fire.    May  be  likened  to  a  hot  cigar  ash  or  match  thrown  into  a  waste  basket." 

•  Have  not  heard  of  any  evidence  of  this;  do  not  see  any  reason  to  believe 
it." 

Precautions  Which  Prevent  Fires 

22.  All  storage  appliances  and  arrangements  should  be  so  designed  as  to  make 
it  possible  to  Load  out  the  coal  quickly. 

23.  1  should  not  be  stored  in  large  piles  unless  provision  is  made  for  load- 
ing it  out  quickly  in  case  of  spontaneous  combustion. 


THE    STORAGE    OF    BITUMINOUS    COAL  147 


C "in  111  <  nts, 


' l  Yes ;  very  important. ' ' 

"Would  suggest  that  something  be  said  in  regard  to  breaks  in  piles  where 
large  quantities  of  coal  are  stored,  so  that  if  one  section  of  the  pile  fires  the  entire 
tonnage  would  not  have  to  be  moved." 

"A  pile  of  coal  will  give  several  weeks1  warning  of  an  impending  fire." 

"We  always  leave  sufficient  room  near  our  storage  piles  to  enable  us  by 
means  of  a  scraper  run  by  a  motor  to  turn  over  such  parts  of  the  pile  as  show  to 
be  heating.  This  is  the  only  way  we  have  been  able  to  successfully  fight  heating 
in  coal  piles." 

24.  Since  moisture  from  below  assists  spontaneous  combustion  the  storage  pile 
should  rest  on  a  dry  base. 

Comments: 

"Yes,  in  case  of  dry  storage." 

* *  Snow  or  rain  on  the  pile  and  then  covered  is  very  dangerous,  particularly 
snow. ' ' 

' '  Have  not  observed  this,  but  if  true,  moisture  is  driven  off  before  ignition. ' ' 

"Remove  all  refuse  and  provide  drainage." 

1 '  Fires  do  not  originate  at  the  base. ' ' 

' '  With  some  coal. ' ' 

"Do  not  find  that  moisture  at  base  changes  situation." 

' '  Our  conditions  are  such  that  we  cannot  determine  the  effect  of  water  on 
the  bottom  of  the  storage  pile.  We  have  found  an  equal  number  of  fires  twenty 
feet  from  the  water  and  this  would  make  it  approximately  thirty  feet  from  the 
top  of  the  pile.  We  do  not  believe  that  the  fire  originates  on  account  of  water  at 
base  of  piles. ' ' 

"Questionable;   tome  store  part  under  water,  part  above." 

"Becomes  saturated  at  base,  evidently  where  fire  always  starts." 

25.  Since  a  small  amount  of  water  seems  to  aid  spontaneous  combustion,  the 
drier  the  coal  is  when  stored  and  during  storage,  the  less  is  the  liability 
to  spontaneous  combustion. 

Commi  nts: 

"    I   do   not   have   the   experience   permitting   me   to   question   this   but   it  looks 

doubtful  as  the  chemical  actions  of  moistening  eannot  take  place  nine  the  hydra- 
tion is  completed.  However,  dehydration  may  later  enable  oxidation  to  act  on 
the  coal." 

"Generally  jet 

"Is  this  based  on  theorj  ox  experimentf  "'     (An  opinion  exj  rally 

in  the  disc  . » i"  the  I nteruat Lonal  Railway   Fuel   Association). 

"Doubtful." 

"Possibly. 

'•When    I    irai    licet    «■:  ,,1'    the    I'acilie    Station,    about    ten    years   ago,    I 

i  to  have  the  eolliers  take  on  their  loads  with  Mveral  lines  of  hose  playing  into 
the  holds.    I  acted  oa  the  principle  that,  while  a  small  quantity  of  ■oistors  night 
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do  harm,   a   liberal  wetting  would  be  a  good  thing.     The  scheme   appeared  to 

work  all  right." 

Experiments  by  the  U.  S.  Bureau  of  Mines  show  a  lack  of  uniformity  in  the 
action  of  coals  toward  oxygen  in  the  presence  of  moisture.  In  one  case  the  dry 
coal  oxidizes  faster  and  in  another  case  the  moist  coal  oxidizes  faster;  also  con- 
flicting results  have  been  obtained  by  different  investigators. 

Cause  of  Fires  Other  Than  Spontaneous  Combustion 

26.  Do  not  allow  pieces  of  wood,  greasy  waste  or  other  easily  combustible  mate- 
rial to  be  mixed  with  the  coal  during  storage  since  they  may  form  a  starting 
point  for  a  fire. 

Comments: 

1 1  Unable  to  control  usually. ' ' 

"I  have  never  observed  this.  Pieces  of  wood  have  no  apparent  effect,  and 
I  doubt  that  waste  saturated  with  mineral  oil  would  make  any  difference. ' ' 

■  •  Also  avoid  irregularities  in  structure  of  walls  and  floors  such  as  angles  and 
pockets. ' ' 

"Almost  invariably  have  found  this  the  cause  of  our  fires  in  the  coal  piles. 
In  other  cases  the  fires  have  started  near  trestle  post  or  stubbing  piles. ' ' 

"Greasy  waste  buried  in  coal  will  invariably  fire." 

"Very  important.     Consider  this  most  important." 

"From  my  observation  this  is  the  most  frequent  cause  of  fires  if  the  facts 
were  known.  Should  be  made  clear  that  when  a  fire  is  once  started  it  cannot  be 
classed  as  spontaneous  combustion.  Subject  to  be  divided:  (1)  Prevention  of 
cause  of  spontaneous  combustion.     (2)     Handling  of  fire  when  once  started." 

Avoid  contact  between  the  coal  and  all  such  external  sources  of  heat  as 
steam  pipes. 

Comments: 

1 1  My  several  experiences  with  fires  in  bunkers  on  board  naval  vessels  were  in 
each  case  associated  with  a  hot  steam  pipe  or  bulknead  heated  by  proximity  to 
steam  boilers." 

"Yes;    either  live  or  exhaust  or  over  poorly  installed  exhaust  lines  which 
rust  out  and  allow  moisture  and  heat  to  reach  pile. ' ' 
lost  emphatically." 

2S.  Pile  coal  as  uniformly  as  possible  and  do  not  allow  the  lumps  to  roll  to 
the  bottom  or  to  one  side  of  the  pile  and  thus  form  a  flue  for  the  entrance 
of  air  to  the  interior  of  the  pile. 

"Jr-  i  prevent  the  lumps  rolling  to  the  bottom  of  the  pile." 

"The  coarser  the  coal,  the  greater  the  voids  through  which  air  may  enter." 

arable.    Not  practicable  in  our  case." 
•  •  Hardl;  cable." 

'  'Impracticable.'1 
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"We  aim  to  keep  the  bulkhead-  fairly  high.'1 

i  l  Cannot  be  avoided. ' ' 
"Cannot  be  helped  in  high  piles." 

"Inconsistent.     Universal  ventilation  is  a  good  thing." 
"Rather  impracticable  for  a  railroad  to  do  this.     Let  the  air  in,  so  that  any 
heat  generated  will  be  carried  off." 

1 '  Very  important. ' ' 

"Difficult  to  comply  with,  as  regardless  of  the  manner  in  which  the  coal  is 
unloaded  lumps  will  roll  to  the  bottom  and  sides  of  the  pile.  If  lump  or  egg  coal 
is  stored,  this  is  not  likely  to  cause  trouble. ' ' 

"Most  important." 

29.  Avoid  air  channels  in  a  coal  pile  such  as  occur  about  inbedded  pipes,  the 
bents  of  trestles,  cracks  through  bulkheads,  etc.,  since  fires  frequently  orig- 
inate near  such  air  channels. 

Comments : 

"Never  had  this  trouble." 

"Believe  ventilating  the  thing  after  removing  the  heating." 
"Are  you  sure  that  nails  in  the  bents  are  without  blame." 
"Have  used   pipes   to   permit   circulation   of  air.     Feel   that   this   has   done 
some  good  toward  preventing  spontaneous  combustion." 

"We  have  always  used  old  boiler  flues  in  storage  piles  in  order  to  ascertain 
the    temperature    by    hanging    thermometers    in    them    or    by    noting    the    haze 
which  is  visible  on  cold  mornings  and  indicates  heating." 
"Inconsistent.     Universal  ventilation  is  a  good  tiling." 
"This  also  provides  ventilation  which  will  prevent  firing.'1 
"Wooden  bents  of  trestles  and  other  wood,  partitions,  etc.,  furnish  an  easily 
oxidizible  substance.'' 

"Our  methods  of  preventing  spontaneous  combustion  are  principally  as 
follows:  The  maintaining  of  a  25-foot  bulkhead  all  around  the  two  piles;  one 
containing  250,000  tons  of  high  volatile  and  the  other  150,000  tons  of  low  volatile 
coals.  When  coal  is  received  early  in  the  BOOSOn  it  is  stored  so  that  it  can  be 
used  first;  or  in  other  words,  our  object  is  to  use  the  oldest  coal  first." 

"Protect   tin-  pile  by  bulkheads  or  walls.     My  st  uitains  December   1, 

generally  200,000  tons,  225  feet  wide,  40  feet  high.  On  the  east  and  west  sides 
concrete  walls  13  fret  high  protect  the  pile.  The  north  and  south  ends  are  open. 
Our  fires,  when  we  had  them,  a  few  years  agO  always  were  on  the  north  and  south 
sides  of  the  piles,   never  on   the  east   and   west    sides." 

M>  tlnxl   Of    I'ili  ' 

30.  Onleai  coal  can  be  piled  so  that  air  can  thoroughly  circulate  through  the 
pile  and  thus  cany  off  the  heat   as   rapidly  as  it    is  generated    i  t his   is   \ery 

difficult  to  accomplish),  the  more  closely  fine  coal  is  piled  to  exclude  air 

the    Letter. 
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Comments: 

' '  I  have  always  believed  that  tight  packing  of  coal  through  pressure  produced 
heat." 

"It  is  impossible  to  carry  off  the  heat  generated  in  fine  coal  by  any  circula- 
tion of  air." 

"I  think  it  is  impossible  to  pile  coal  so  closely  as  to  exclude  air  to  any 
beneficial  extent." 

"Inconsistent.     Universal  ventilation  is  a  good  thing." 

"Coal  must  be  piled  low  enough  so  that  the  generated  heat  can  be  carried 
off  without  reaching  the  firing  temperature. ' ' 

"To  be  dispensed  with  by  favoring  the  subaqueous  storage  and  is  the  only 
manner  in  which  fine  coal  can  be  stored  without  hazard  from  spontaneous  com- 
bustion." 

1 '  Since  the  voids  in  fine  coal  of  uniform  size  are  about  the  same  as  the  voids 
in  course  coal  of  uniform  size,  would  it  not  be  better  to  say  mixtures  of  various 
sizes  tend  to  reduce  the  void  spaces  and  exclude  air?  " 

Ventilation  of  Coal  Piles* 

31.  Ventilation  of  coal  piles  by  means  of  pipes  running  through  the  pile  has 
usually  not  been  successful  in  preventing  spontaneous  combustion,  because 
the  air  does  not  circulate  freely  throughout  the  pile  and  in  some  cases  the 
air  currents  through  these  pipes  seem  to  be  starting  points  for  fires." 

Comments : 

"Several  years  ago,  we  were  storing  quite  a  large  amount  of  Oklahoma  mine 
run  coal  at  Smithville,  a  coaling  station  which  is  located  not  far  from  San  Antonio. 
I  experimented  with  one  pile  of  coal  by  placing  a  six-inch  glazed  tile  on  the  bottom 
and  running  it  the  entire  length  of  the  pile.  This  tile  was  the  ordinary  bell 
shaped  and  in  putting  it  together  we  used  no  cement,  but  just  laid  the  ends  to- 
gether. Along  the  side  of  this  pile  of  coal  I  stored  an  equal  quantity  without 
using  any  tile.  The  result  was  that  in  the  pile  where  I  had  placed  the  tiling,  we 
had  no  fire  whatever,  but  in  the  other  pile  where  we  had  no  tile  we  experienced 
considerable  amount  of  trouble  by  reason  of  spontaneous  combustion.  I  am  of 
opinion  that  pipes  or  flues  do  not  always  produce  the  desired  results." 

1  *  Ventilation  by  means  of  pipes  has  not  been  successful.  Do  not  think  these 
pipes  are  the  starting  points  for  fires." 

"Helps  some." 

"Heartily  agree;  think  there  has  been  a  lot  of  misinformation  put  forth  on 
this  point." 

"Have  had  no  trouble  with  pipes.  We  think  tendency  is  to  carry  away  heat 
by  radiation." 

"Such  pipes  are  probably  useless  except  to  indicate  or  follow  rise  of  tem- 
perature. " 

"In  two  plants  we  have  put  in  iron  pipes  to  admit  air  but  in  the  other  where 
at  least  12,000  tons  are  under  storage,  we  have  not  taken  measures  to  prevent 


tended  discussion  of  coal  pile  ventilation  by  J.  B.   Porter. 


THE   STORAGE   OF    BITUMINOUS    COAL  1  .">  1 

heating.    I  am  of  the  opinion  that  we  have  as  good  results  where  no  measures  are 
taken  as  where  we  have  the  air  pipes." 

"My  personal  opinion  is  that  a  cooling  system  employing  extra  heavy  iron 
pipe  and  circulating  water  would  be  more  satisfactory  and  certainly  much  safer, 
than  any  ventilating  system  that  could  be  devised. ' ' 

32.  The  great  objection  to  ventilating  systems  is  that  they  interfere  with  the 
handling  of  the  coal. 

Comments  : 

1 '  Very  expensive. ' ' 

1 '  They  do  not  pay  for  the  efforts. ' ' 

"Unless  thorough  not  of  much  benefit." 

"Great  objection  is  that  they  do  not  work  as  intended." 

33.  There  is  great  difference  of  opinion  in  regard  to  the  height  of  pil- 
which  coal  may  be  stored  safely.     Coal  seems  to  lire  almost  as  quickly  in 
low  piles  as  in  high  and  as  often  near  the  top  or  outside  of  a  high  pile  as 
near  the  bottom.     The  principal   disadvantage  of  high  piles  is  that  coal 
in  them  cannot  be  so  readily  removed. 

Commc  I 

"I  have  always  believed  that  the  higher  the  coal  is  piled  the  more  liability 
to  fire  through  pressure." 

"Height  undoubtedly  varies  for  every  coal  but  for  any  coal  low  piles  are 
safer  and  definite  height  can  be  established  for  any  coal.  Low  piles  lessen  heat 
from  pressure  and  make  for  safety. ' ' 

"It  is  not  our  experience  that  coal  fires  as  quickly  in  low  piles  as  in  high. 
It  has  been  our  experience  that  if  the  depth  of  the  coal  is  limited  to  twelve  feet 
no  fires  will  occur." 

"After  eight  or  ten  feet  there  is  no  additional  hazard  because  of  i: 
height,  and  any  increase  of  height  within  reach  of  the  crane  is  not  attended  by  an 
inconvenience  in  reloading  the  coal." 

"If  piled   by  hand   piles  should  not  be  over   ten   to   twenty    feet   wide,   fl 
feet  long,  though  bottom  of  piles  may  touch.     M  required  but  it   ii 

safer.     Piles  may  be  much  larger  if  mechanical  handling  is  used.'1 

"High  piles  due  to  the  greater  pressure  fired  more  readily  than  low  piles.'' 

"I).']. ends  on  the  storage  ijvtem." 

"Think  height  should  be  limited  to  ten   fa 

' '  We  pile  from  twelve  to  fourteen 

"Believe  in  low  piles  al>out  eighteen  feel  high." 

"The  lower  the  pile  the  less  liability  to  fi] 

"High  piles  give  more  trouble.'1 

"Think  height   is  important   factor,  ti  .re  Inducing  heat.'' 

"Coal  almost  alwa;  Atom. 

''Height   for  sat'.-ty  depends  on  the  kind  of  OOaL" 
"More  tires   from   higher  piles." 
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"If  space  is  available  pile  low. " 

1 4  Height  of  pile  of  no  consequence,  excepting  crushing  effect. ' ' 

• '  Height  of  pile  is  one  of  determining  factors.  Have  proved  this,  this  summer." 

•  •  Depends  entirely  on  method  of  storing.  Low  piles  for  hand,  high  for  crane 
bucket. ' ' 

• '  Might  be  amended  to  the  effect  that  the  height  to  which  coal  is  piled  should 
be  regulated  to  conform  to  the  facilities  for  removing  or  reloading  the  coals  from 
the  piles." 

' '  Coal  fires  at  the  depth  where  enough  air  cannot  penetrate  and  all  of  heat 
is  not  lost  by  convection  to  the  atmosphere.  This  depth  varies  with  the  character 
of  the  coal." 

•  •  We  limit  the  height  of  piles  to  twelve  feet  and  have  had  less  difficulty  from 
spontaneous  combustion  in  low  piles.  Furthermore  if  piles  are  narrow,  they  are 
easier  to  handle  in  case  of  spontaneous  combustion. 

Use  of  Water  in  Extinguishing  Fires 

34.  Water  is  not  generally  successfully  applied  in  extinguishing  fire  in  a  coal 
pile,  because  it  is  impossible  thoroughly  to  saturate  the  pile.  A  small 
amounj;  seems  to  aid  spontaneous  combustion. 

Comments: 

1 '  Nearly  all  bituminous  coals  contain  considerable  tarry  matter  which  is 
distilled  from  the  coals  during  the  heating  process  before  the  coal  actually  ignites. 
These  tar  vapors  rise  and  condense  in  the  cooler  coal  above  forming  a  crust  of 
mixed  tar,  pitch  and  coal  which  water  will  not  penetrate  and  therefore  the  fire 
cannot  be  reached  by  water  from  the  top  except  possibly  in  spots. " 

"We  have  extinguished  several  fires  by  applying  water,  cooling  the  coal  for 
a  distance  of  four  or  five  feet,  shoveling  out  the  wet  coal,  then  applying  more 
water,  cool  another  layer  and  snoveling  that  out  and  so  on  until  we  reach  the  point 
where  the  coal  is  either  on  fire  or  very  hot." 

' '  This  is  not  our  experience.  Have  an  8-inch  water  line  along  the  field  1300 
feet  long  and  extinguish  fire  successfully  with  water." 

' '  Water  is  effective  when  applied  directly  to  the  fire  after  removal  cf  super- 
imposed coal. ' ' 

1 1  We  expose  the  heated  coal  to  the  air  which  reduces  the  temperature  and 
extinguishes  fire." 

' '  This  agrees  with  our  experience. ' ' 

"Depends  on  size  of  fire." 

"After  getting  to  spot  that  is  on  fire  water  has  to  be  used." 

1 '  Fire  must  be  dug  out. ' ' 

1  *  Whenever  I  had  trouble  with  a  bunker  fire  on  board  ship  I  simply  opened 
one  of  the  deck  scuttles  and  let  in  a  hose  until  the  compartment  was  fairly  well 
filled  with  sea  water.  This  appeared  to  be  an  easy  and  sure  way  of  overcoming 
the  fire." 

"Heated  portion  of  pile  can  be  cut  off  frequently  by  driving  spray  pipes  into 
pile  and  flooding  pile  with  water  from  fire  hose  connections  which  will  retard  fire 
and  put  it  out  sometimes. ' ' 
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35.  The   deterioration   in   coal   stored   under    water    is   negligible.      Such    coal 
absorbs  little  extra  moisture. 

Comments : 

"Coal  when  stored  under  water  absorbs  considerable  moisture,  and  in  fact, 
becomes  so  wet  that  it  is  necessary  for  us  to  lengthen  the  coking  time." 
"Only  place  to  store  slack  or  nut." 

36.  With  underwater  storage  if  the  entire  coal  pile  is  not  covered,  the  part  of 
the  pile  above  the  water  line  is  liable  to  spontaneous  combustion. 

Comments: 

"We  would  not  suppose  that  submerging  part  of  a  pile  would  render  the  re- 
mainder immune,  neither  would  we  suppose  that  the  exposed  part  would  be  more 
liable  to  fire." 

"This  liability  is  less  than  that  with  dry  storage  of  depth  equal  to  depth 
above  water  line.  Believe  the  only  practicable  and  reliable  plan  of  storage  to  be 
with  partial  submergence.  By  this  plan  coal  may  be  successfully  piled  twenty- 
three  feet  above  the  water  line." 

"Very  readily.     I  assume  capillary  action  and  wetting  of  the  pile." 

37.  The  white  coating  on  the  outside  of  some  coal  piles  is  very  thin  and  does 
not  affect  the  value  of  the  stored  coal. 

Com  mi 

1 '  If  not  sold  on  looks  as  is  often  the  case. ' ' 
1 '  Not  appreciably. ' ' 

38.  The  best  method  of  handling  coal  in  danger  of  firing  is  to  load  it  out  and 
scatter  it  so  that  it  will  be  thoroughly  cooled  off. 

Comments  : 

"If  handy   to   point   of   consumption   it   can    be   put   on    the   engine   tank 
boiler  house  coal  bin  for  immediate  use  after  being  thoroughly  wet  down.     This 
will  save  the  expense  of  rehandling. " 

"A  uniform  depth  of  four  feel  would  probably  QOt  lire,  and  if  a  pile  whieh 
contains  fire  pen  1  out  to  this  depth,  the  lire  could  be  extinguished  with  hose 

after  whieh  the  coal,  if  not  piled  op  ■gain,  would  be  safe." 

"Does  not  :il\\a_\s  work  with  Mid- Wot  coal." 
"Turning  pile  over  tlowly  will  :in-wrr." 

"If  the  Mattered  coal  ii  well  thinned  out,  water  ehonld  be  put  on  it.    Han 

7,000  ton  pile  of  screenings  this  way  this  summer." 

39.  Coal  whieh  bai  ■  tendency  to  ipontaneoni  combustion  ehonld  be  turned 

o\cr   to    keep    down    the   temperature,   although    this   causes   an    increase   in 
breakage. 
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Comments: 

"Impracticable  for  railroads." 

'  •  This  would  probably  be  effective,  although  expensive.  It  need  not  be  re- 
sorted to  until  the  coal  begins  to  gas. 

•  •  Yes,  but  makes  the  expense  of  storing  coal  prohibitive. ' ' 

• '  Do  not  disturb  a  pile  at  all  once  a  pile  has  heated.  It  cannot  be  again 
stored." 

• '  Not  necessary  until  heating  commences. ' ' 

1 '  Impracticable. ' ' 

1 '  Bad  practice  for  Mid-West  coal. ' ' 

1 '  Does  not  seem  practicable  for  if  the  pile  is  a  large  one,  say  of  50,000  tons, 
the  cost  of  turning  it  over  frequently  would  be  prohibitive. ' ' 

1 '  This  conclusion  and  the  one  following  seem  to  be  inconsistent  with  each 
other. ' ' 

"Pile  it  low  enough  this  will  not  need  to  be  done.  No  experience  turning 
coal  over." 

' '  And  soaked  with  water. ' ' 

' '  Questionable. ' ' 

' '  Yes,  but  once  in  six  weeks  or  two  months  is  often  sufficient. ' ' 

• '  Seems  to  indicate  unusual  difficulties  in  connection  with  storing  coal  and  I 
am  sure  no  one  would  undertake  to  store  coal  if  it  had  to  be  turned  over  or 
moved  frequently." 

1 '  On  the  Lake  docks  it  is  a  common  practice  to  move  to  another  part  of  the 
dock,  or  to  turn  over  a  pile  that  begins  to  heat  and  which  cannot  be  shipped  out 
at  once.  This  practice  is  diametrically  contrary  to  the  conclusion  reached  at  one 
of  the  largest  known  storage  plants  for  fuel  coal. 

40.  If  possible,  stored  coal  should  not  be  moved  until  it  is  to  be  used,  unless 
it  is  heating,  since  piles  which  have  apparently  been  safe  have  taken  fire 
when  opened  to  the  air  and  the  coal  moved  elsewhere,  probably  because  of 
the  opening  up  of  new  faces  for  oxidation. 

Comments : 

1 '  Doubtful. ' » 

"Cut  out 'unless  it  is  heating." 

"This  looks  doubtful;  still  I  would  leave  it  alone  unless  the  temperature 
reaches  the  danger  point  about  150  degrees  F. ' ; 

41  Coal  which  has  once  heated  and  cooled  is  not  subject  to  the  same  oxidizing 
processes  as  fresh  coal. 

Comments: 

"Not  if  it  has  heated  long  enough." 

"Never." 

Not  to  the  same  extent,  but  nevertheless  coal  that  has  been  scattered  and 
thought  to  be  cooled  has  fired." 

"One  trouble  is  disintegratioi]  of  shale  seam  or  thin  laminations  of  dirt  and 
the  pie^f-s  break  up  with  handling  or  in  firebox." 
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"Coal  once  heated  lias  very  little  value  for  fuel  purposes." 

"One  of  our  mechanical  engineers,  W.  L.  DeBaufre,  for  about  li 
years  tested  Pocahontas  coal  which  had  been  stored  at  the  New  London,  Conn., 
Naval  Station  in  three  different  ways,  namely,  one  part  was  stored  under  water, 
one  part  was  stored  on  shore  under  cover,  and  the  remainder  was  stored  on  shore 
not  under  cover.  The  test  showed  about  the  same  evaporative  value  for  each  of 
these  coals.  If  there  was  any  difference  it  was  in  favor  of  the  coal  stored  in  the 
open,  and  the  coal  stored  under  water  ranked  next.  Out  at  Cavite,  in  the  Philippine 
Islands,  the  Navy  Department  has  had  considerable  trouble  with  spontaneous  igni- 
tion of  its  coal  piles;  but  of  course  out  there  the  sun  is  very  hot  and  the  days  are 
long.  Here  at  the  Experiment  Station  we  store  our  coal  about  twelve  feet  high  on 
a  concrete  pavement,  and  so  far  we  have  had  no  trouble." 

"Practical  railroad  man  hates  storage  coal.  It  is  usually  used  the  coldest 
season  of  the  year  when  mines  will  barely  produce  enough  steam;  therefore,  an 
85  per  cent  storage  results  in  only  50  per  cent  good  service. ' ' 

"Our  trouble  is  disintegration  of  shale  or  their  laminations  of  dirt  and  the 
pieces  of  coal  break  up  with  such  handling  and  in  the  firebox. ' ' 

42.  Coal  which  has  been  in  storage  is  considered  by  many  to  burn  less  freely 
when  fired  in  a  furnace,  but  this  is  largely  prejudice  and  can  be  overcome 
by  keeping  a  thinner  bed  on  the  grate  than  with  fresh  coal  and  by  regulat- 
ing the  draft. 

I       >  mints: 

"It  seems  to  us  that  the  ingredients  which  would  promote  spontaneous  com- 
bustion must  also  act  as  agents  to  promote  free  burning. " 

"Have  found  fresh-mined  coal  always  gives  beet  results.  It  is  proved  that 
even  coal  mined  from  the  pillars  in  mines  is  very  inferior  to  coal  taken  from  the 
rooms." 

"It  is  usually  claimed  that  heat  units  are  less.  Never  heard  of  it  burning 
less  freely." 

"We  like  a  slow-burning  coking  coal." 

' '  No  material  effect. ' ' 

' '  Nothing  in  this." 

"Coal  frequently  loses  twenty  per  cent  efficiency." 

"Should  l'c  saturated  with  water." 

"Actual  experience   indicates  otherwise." 

"Due  to  absence  of  volatile.'' 

"Would  burn  less  freely  according  to  previous  conclusion. ' ' 

"If  volatile  matter  lias  diminished  coal  will  not  burn  as  frei 

'  '  We  haY6  more  t rou  1  ile  the  longer  stored. 

"Not  entirely  prejudice.     I  believe  it  does  sol  have  the  affinity  for  oxj 
that  fresh  coal  has. " 

"We  see   no  ap parent   different 

43.  The  decrease  in  heating  as  ■  result  of  storing  coal  is  small  .. 
the  coal  ha             i  up  sufficiently  to  decompose  the  coal  or  to  drivt 

the  volatile  ingredients  and  the  moisture  from  the  coal  may  increase 

the  heating  power  per   pound  ot'  coal. 
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Comments: 

"Yes,  depending  on  the  length  of  time  coal  has  laid  in  storage. " 
"Never  had  this  experience.     Degradation  first,  then  loss  of  volatile  pulls 
down  the  value. " 

I  *  Our  coal  takes  on  moisture  from  storage. ' ' 

I I  But  not  of  the  original  pound. ' ' 

1 '  High  burning  rate  on  locomotives  makes  loss  greater. ' ' 

"Disintegration  disturbs  firing  method  on  account  of  varying  percentages  of 
sizes  in  boiler  house,  coal  bin  and  in  firebox." 

1 '  This  is  a  very  debatable  question  and  while  tests  show  very  litle  decrease  in 
the  thermal  value  in  the  coal  during  storage,  the  fact  remains  that  for  a  given 
pumpage  of  water,  our  coal  consumption  has  increased  by  amounts  varying  from 
ten  to  sixteen  per  cent.  The  coal  has  lost  its  shiny  appearance  and  as  a  consider- 
able portion  of  the  volatile  is  lost,  it  does  not  act  the  same  in  our  stokers  as  when 
freshly  mined. " 

* '  We  find  that  by  wetting  the  coal  that  has  been  in  storage  for  some  time,  its 
burning  properties  have  been  enhanced,  especially  so  in  the  case  of  smokeless 
coals. ' ' 

44,  The  coking  properties  of  eastern  bituminous  coals  are  not  materially  affected 
by  storing  unless  the  coal  heats,  but  the  coking  properties  of  Illinois  and 
other  Middle  West  coals  are  seriously  affected  or  destroyed  by  storage. 

Comments: 

"As  to  the  deterioration  of  coking  properties  in  eastern  coals,  will  say  that 
some  of  them  deteriorate  rapidly  while  others  do  not.  Eastern  Kentucky  is  a 
marked  instance  of  a  coal  that  does  not  deteriorate  very  rapidly.  The  coking 
properties  of  Illinois  and  middle  west  coals  are  seriously  affected. " 

"From  conversation  with  by-product  coking  men,  I  gathered  the  opinion 
that  the  coking  properties  of  all  bituminous  coals,  including  the  Eastern,  was  af- 
fected by  storage.    Some  coals  to  a  greater  extent  than  others." 

' '  Have  not  noticed  coking  properties  of  Illinois  coal  to  be  affected  by  storage. 
We  have  about  15,000  tons  in  stock  now  and  are  using  some  that  has  been  in 
stock  over  six  months  with  no  bad  effect. ' ' 

"Omit  the  phrase  'or  destroyed  by  storage.'  " 

* '  Yes,  for  eastern  coals.     No  experience  Illinois  coal. ' ' 

"Gradual  absorption  of  oxygen  by  coal  does  slightly  decrease  its  coking 
ability,  even  though  the  coal  does  not  heat  seriously,  particularly  true  with 
western  coals." 

"It  is  said  by  many  practical  coke  men  that  coking  quality  is  generally 
impaired  by  long  storage  of  the  coal.  It  is  claimed  by  many  coke  oven  operators 
that  weathering  of  some  coal  affects  the  contracting  qualities  of  the  coal  during 
the  coking  and,  therefore,  a  stored  coal  is  more  likely  to  stick  in  the  coke  oven. 
By-product  yields,  especially  that  of  the  gas,  are  probably  lowered  in  a  high 
volatile  coal  by  long  storage." 

45.         The  best  preventive  of  loss  in  coal  storage  is  the  constant  inspection  and 
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watching  of  the  coal  for  incipient  heating  and  immediate  removal  of  coal 
from  the  spot  affected. 

Comments : 

1 '  Isolated  hot  spots  sometimes  occur  which  can  be  readily  dug  out  with  a 
crane,  leaving  the  remainder  of  the  coal  in  good  condition.  The  temperature  of 
every  pile  will  go  up  and  down,  influenced  in  part  by  the  temperature  of  the  sur- 
rounding air  and  in  part  by  internal  heating,  but  it  would  be  inexpedient  to  dis- 
turb the  pile  unless  the  temperature  rises  to  near  200  degrees  and  is  accompanied 
by  the  evolution  of  gas." 

"Best  preventive  is  properly  storing  it.  Know  your  coal  and  store  it  low 
enough  so  that  it  will  not  fire.    An  inverted  V-shape  pile  is  preferable. ' ' 

"Proper  selection  of  storage  space,  sizes  stored,  properly  seasoned  coal,  man- 
ner of  handling.  Do  not  store  mine  run  under  any  conditions  and  especially  do 
not  build  up  pile  by  carrying  track  upon  pile.  Recent  experience  of  the  Big 
Four  shows  that  fire  is  sure  to  follow  such  methods. ' ' 

1 '  The  real  successful  method  of  storing  coal  in  this  locality,  Springfield, 
Illinois,  has  been  under  water.  When  piled  on  the  ground  should  be  iu  long  piles 
with  quantity  limited  as  much  as  practicable.  Would  recommend  only  storage  of 
screenings  of  fine  coal  and  when  this  is  done  the  only  successful  method  has  been 
under  water." 

■'  I 'lace  lj^-inch  pipes  every  sixty  feet  in  pile  and  take  interior  temperature 
36-48  hours  by  lowering  thermometer  floating  in  mercury  down  the   p 
leaving  it  in  the  pile  for  about  ten  minutes.     On  large  storage  a  mercury  electric 
alarm  system  will  pay." 

"Give  suggestions  as  to  manner  of  "inspection  and  watching;   i.  e.,  should 
thermometer  holes  be  built  in  piles  for  inserting  thermometers  in  center  of  piles? 
What  rise  in  temperature  is  considered  dangerous.'    Examination  of  gases?    O 
from  pile?" 

46.         Other  Suggestions. 

Comments: 

1 '  Use  coal  from  the  newer  piles. ' ' 

"Coal  successfully  stored  fox  ■  year  is  usually  past  dl 
"  Xo  chemirals  applied  as   for  extinguishing  other  fin  any  moi 

than  water  (which  is  very  little).     The  thing  to  do  is  dig  into  the  tire  and  move  the 

coal  as  quickly  u  possible. " 

lecessful   st.  Lepends   on    proper 

t>f  properly  seasoned  coal,  and  manner  of  handling.     Do  i 
mine  run  under  any  conditions  and  especially  do  not  build  np  pile  by  carrying 

track   on    pill  ■••nt    BXperieneS  Of   railroads  show-   that    li  I    follow 

such  practn  i 

Through    the   courtesy    of    Frank    Hi  Consolidation 

Coal   Company,  the  following  eoncl  mling  coal  stoi 

SB  : 

(1)      "Spontaneous    combustion    is    not    limit-    :  l|    the    tend. 
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with  any  one  class  of  coal— referring  now  only  to  the  bituminous  coals  ranging 
m  sixteen  to  forty  in  volatile  matter. 

* '  The  tendency  is  not  in  proportion  to  the  quantity  of  sulphide  present. 
(&)     "In  coals  of  the  same  kind  (graded  according  to  volatile  matter)  those 
which  have  the  highest  per  cent  of  impurity  are  more  liable  to  spontaneous  com- 
bustion. 

(4)  "In  coals  of  the  same  kind,  heating  is  more  liable  to  occur  in  the  fines. 

(5)  "Weather  conditions  apparently  have  no  effect  (in  this  it  should  be 
explained  that  our  records  do  show  more  on  cold  and  wet  days,  but  we  have  as- 
sumed for  good  reason  that  heating  is  more  readily  observed  on  such  days). 

(6)  ' '  The  coals  with  which  we  are  familiar  have  never  been  known  to  fire 
inside  the  mines,  either  in  the  solid  or  in  accumulations  inside  the  mine. 

( 7 )  "In  stored  coal  quantity  or  depth  of  pile  have  evidently  not  much  to 
do  with  it  as  we  have  found  local  heating  to  occur  near  the  top  as  well  as  in  the 
center  or  bottom  of  the  pile. 

(8)  "In  our  opinion,  and  we  have  numerous  cases  to  substantiate  it,  a  great 
number  of  local  heating  cases  have  been  due  to  waste  material  brought  out  with 
the  coal,  such  as  pieces  of  wood,  discarded  clothing  saturated  with  miners  oil, 
waste,  brattice  cloth,  etc.  We  do  not  hold  exclusively  to  this  for  there  still  re- 
mains to  be  explained  the  slow  propagation  at  a  temperature  far  below  that  of 
normal  combustion  temperature  of  coal. 

(9)  "We  have  many  instances  showing  that  more  local  heatings  have  oc- 
curred than  were  discovered,  showing  very  small  areas  of  activity  and  were 
spontaneously  extinguished,  indicating  that  propagation  of  heat  is  not  inherent  in 
average  coal,  but  localized  by  some  particular,  perhaps  foreign,  condition. " 
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APPENDIX  III 


EXPERIENCES  OF  FIRMS  AND  I  M  >I  VI  DU  AI.s  STORING  OOAL 

Many  of  the  answers  to  the  questionnaire  sent  to  coal  dealers  and  users  fa 
been  incorporated  in  the  preceding  pages  of  general  discussion,  but  there  still 
remain  a  few  specific  instances  of  successful  and  unsuccessful  attempts  to  store 
coals  of  many  different  kinds  under  various  conditions  which  have  not  been  .lis 
cussed.    Available  information  relating  to  these  ted  in  the  folio n 

paragraphs.  In  each  case  a  brief  statement  of  the  conditions  is  given  and  while 
a  certain  amount  of  repetition  is  thus  unavoidable,  this  method  of  presentation 
seems  desirable  for  purposes  of  comparison. 

42.  Storage  for  Domestic  Use  and  by  Coal  Dealers. — Personal  interviews 
with  coal  dealers  in  Urbana  and  Champaign  and  answers  received  to  the 
questionnaire  indicate  that  there  is  no  trouble  in  storing  coal  under  the  eondi- 
tions  which  prevail  in  the  ordinary  coal  yards  and  in  dwelling  houses.  The  lo--> 
from  breakage  in  storing  and  reclaiming  bituminous  coal  is  5  per  cent  or  more. 
according  to  the  coal  and  the  method  of  handling.  There  is  no  loss  in  fuel  value 
and  consequently  stored  coal  sells  for  the  same  price  as  fresh  coal,  although  there 
may  be  a  slight  loss  of  weight  due  to  drying  out. 

The  Crystal  Ice  and  Fuel  Company*   of  Danville.   Illinois,   stores  coal   i 
Harrisburg,  Illinois,  and  from  the  No.  4  vein  in  Indiana  during  July  and  August, 
when  the  coal  is  cheapest  and  driest,  in  65-ton  covered  bins  with  plank  floors.    The 
period  of  storage  is  three  months.     The  sizes  are  kept  separate  and  the  sla- 
not  removed  before  storing.     The  coal  is  stocked  by  dumping  and  reclaimed  by 
shoveling  at  a  total  cost  of  seventeen  cents  per  ton. 

D.  G.  Porter,  of  the  Rock  Island  Fuel  Company,  stores  about  8,000  tons  of 
1 14-inch  washed  coal  from  Springfield,  Illinois.     The  coal  is  placed  on  the  ground 
by  hand  and  in  continuous  flat  top  piles  eight  feet  high,  at  a  cost  of  eight  I 
per  ton  for  stocking  and  ten  cents  for  reclaiming.     It   i^  kept  in 
months    with    no   decrease   in   heating   value   unless   the    pile    heats.      Tin*    coal    is 
stored  in  November  and  December  to  take  advantage  of  cold  weather  so  that  the 
.snow  and  ice  will  stay  in  the  coal  until  late  in  the  spring.     The  coal  thui 
does  not  ordinarily  heat  for  six  months,  but  if  heating  does  OCCUr,  it  is  loaded  out 
ami  burned. 

The  Beck  Coal   and    Lumber   Company   of    llar\e\,    Illinois   stores  about 
tons  of  Poeohontas  coal  and   700  tons     of   Illinois  coal   for   live   or   si\   months,  the 

sizes  being  kept  separate  and  slack  being  removed  i  ''red 

from   fourteen  to  thirty  days  after  mining  and  preferably   in  .rune,  July,  and 
August.    There  is  no  difference  bo  the  soiling  price  of  stored  and  fresh  coal 
no  depreciation  from  heating  occurs,  but  there  Is  ■  loss  of  from  two  to  eight 

cent    from    breakage.       If    heating    OCCUTS    the    coal    is    moved.       I'  1    on    the 

ground   in   bins   from  eighl   to  ten    feet   high  and   reloaded   by   hand   shoveling. 

expense  of  unloads  and  reclaiming  sr  ton. 


tary 
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0.  S.  Dodge  and  Sous,  Incorporated,  of  Monroe,  Wisconsin,  store  1,200  tons 
which  are  mostly  two  inches  by  three  inches  nut  coal  from  Franklin  County, 
Illinois.  It  is  stored  in  bins  by  elevators  and  run  out  by  gravity.     The  different 

a  are  kept  separate  but  the  slack  is  not  removed.  There  is  no  decrease  in 
heating  value,  but  a  considerable  loss  through  breakage. 

The  Davenport  Locomotive  Works,  Davenport,  Iowa,  report  that  300  tons  of 
2-inch    screenings    from    Franklin   County,   Illinois,    are   kept   in   storage   on   the 

and  in  a  continuous  pile  ten  feet  high,  from  three  to  six  months  with  slight 
undetermined  loss  in  heating  value  and  no  firing. 

French  ami  Hecht,  of  Davenport,  Iowa,  stored  washed  Illinois  pea  coal  in 
large  quantities,  either  under  cover  or  in  the  open  without  any  firing,  but  they 
report  that  they  always  have  trouble  from  fires  in  attempting  to  store  unwashed 

<>nings. 

The  H.  A.  Hillmer  Company  of  Freeport,  Illinois,  stores  from  1500  to  2000 
tons  of  West  Virginia  egg,  and  Illinois  and  Kentucky  lump  and  nut  sizes  on 
cement  floors  in  a  coal  elevator  in  which  there  are  five  compartments  thirty  feet  by 
thirty  feet  by  fifteen  feet,  the  coal  being  piled  from  ten  to  thirty  feet  high.  It 
is  stored  and  reclaimed  by  wheelbarrow  and  conveyor  and  if  carefully  handled 
there  is  little  breakage.  From  five  to  fifteen  days  elapse  between  mining  and 
storing  and  it  is  kept  in  storage  six  months,  the  sizes  being  kept  separate.  The 
slack  is  not  removed  and  coal  is  preferably  stored  in  April  and  May,  because  then 
the  price  is  usually  fifty  cents  less  per  ton  than  in  other  months,  and  since  the 
year's  domestic  business  is  about  closed  a  force  of  men  is  available  which  may  be 
employed  in  unloading  the  coal.  The  weather,  moreover,  is  not  too  hot,  whereas  in 
July  and  August  it  is  almost  impossible  to  get  men  to  unload  coal.  There  is  no 
difference  in  the  selling  price  and  no  deterioration,  for  if  the  coal  is  kept  under 
cover  and  dry  there  will  be  no  heating,  but  if  heating  occurs  the  coal  is  removed 
and  wet  down.    The  expense  of  storage  is  not  kept. 

1.  C.  Cuviller,  publisher  of  The  Coal  Trade,  Minneapolis,  Minnesota,  sum- 
marizes the  storage  problem  for  the  city  and  coal  trade  as  follows: 

In  the  domestic  trade  lump,  egg  and  No.  1  nut  from  Williamson,  Franklin 
and  Saline  counties  are  stored  out  of  doors  mainly  on  the  ground  in  round  py- 
ramidal piles  of  varying  heights,  about  three  weeks  after  being  mined,  and  the 
coal  usually  is  kept  in  storage  from  July  to  October.  The  sizes  are  separated 
and  the  duff  removed.  May,  June,  July,  and  August  are  considered  the  best 
months  in  which  to  store  since  the  price  is  from  50  to  75  cents  lower  than  at  other 
seasons.  There  is  no  decrease  in  value  and  no  difference  in  price  of  stored  and 
fresh  coal.  The  loss  in  breakage  is  thought  to  be  about  five  per  cent.  Small 
amounts  are  usually  stored  in  bins  and  fires  are  not  common.  When  eastern  coal 
is  stored  in  large  piles,  it  fires  and  the  piles  must  be  worked  over  and  spread 
out.  This  is  done  usually  by  means  of  wheelbarrows  but  conveyors  are  being  in- 
stalled. 

The  Joseph  Bchlitz  Brewing  Company  of  Milwaukee  stores  West  Virginia  and 

Pennsylvania  coals  in  continuous  pyramidal  piles  fifteen  feet  high  on  a 

wooden   floor   with   concrete   walls   during  the  season  of  lake  navigation.     There 

is  little  loss  in  heating  value,  and  breakage  is  negligible  since  the  coal  is  crushed 
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for  use  in  stokers.     The  company  does  not  buy  high  sulphur   nor   friable  coals 
because  of  the  tendency  of  such  coal  to  heat. 

Crerar  Clinch  and  Company*  of  Chicago  keeps  in  storage,  if  possible,  about 
15,000  tons  of  egg  and  nut,  Nos.  2,  3,  4,  and  5,  washed  and  «]  from 

Macoupin,   Perry,   and   Jackson   counties,    Illinois.      The   coal    is   screened   before 
storing  and  is  placed  in  storage  from  one  to  two  weeks  after  mining.     I 
it  is  stored  in  July  and  August.     The  coal  is  used  for  steam  purposes  and  thai 
no  financial  advantage  in  storing,  the  only  difference  in  selling  price  being  the 
added  expense  of  storing.    The  coal  is  stored  and  reclaimed  by  hand  or  by  a  crane. 
It  is  stored  on  a  plank  floor  in  conical  piles  about  sixteen  feet  high,  and  the  - 
are  kept  separate.     The  coal  is  thought  to  decrease  in  heating  value  about  five 
per  cent  and  the  large  sizes  to  lose  about  ten  per  cent  through  breakage.     The 
stored  coal  which  has  considerable  sulphur  in  it  heats  within  two  or  three  wt 
No  precautions  against  heating  are  taken  except  to  store  in  dry  weather,  and  if 
heating  occurs  to  turn  the  coal  over  or  use  it.     It  is  estimated  to  cost  twenty-five 
cents  per  ton  to  store  and  reclaim. 

The  Ebner  Ice  and  Cold  Storage  Company t.  Vineennes,  Indiana,  keeps  in 
storage  several  thousand  tons  of  1%-ineh  screenings  from  Port  Branch,  Indiana, 
Wheatland,  Knox  County,  Indiana,  and  Clinton  County,  Illinois.  This  coal  is 
placed  in  a  concrete  pit  arranged  so  that  it  may  be  flooded  in  a  short  time  if  it 
heats.  A  small  amount  of  coal  is  also  kept  in  storage  on  the  ground.  The  coal 
is  dumped  from  a  trestle  into  a  pit  and  is  reclaimed  by  a  bucket  conveyor.  The 
expenses  are  as  follows: 

Storing  l.iini  in- 
Labor        $0.04  10 

Depreciation  on  mechanical  equipment   .      .      .       0.03 

Interest  on  investment 0.084  0.( 

Total $0.1.rj  \  $0.21! 

The  Polar  Wave  lee  sad   Fuel  Company!,  St.  I        .   M 

tons  of  screened  lump  coal  from  St.  Clair  and   Williamson  counties,   Illinois.      All 

the  lump  coal  is  forked  into  storage,  ti  being  k  red 

within  one  or  two  weeks  after  being  mined  and   is  kept   in   fA 

k§  to  several  years.     It  is  stored  during  the  dry  summer  months,  wl.  Me, 

and  there  is  a  slight  decrease  in  heating  value  and  a  los  DO  ten  to  fifteen  001 

eenl  from  breakage.   Seating  is  more  likely  to  occur  in  the  open  than  ondflu 
Dried  lump  coal  forked  into  a  shed  seldom  beats,  bu1  I   will  heat  in   t. 

It    is  stored   by   meai  ipecially   constructed   chutes  traveling  on   a   tro! 

\>y  wheelbarrows,  and  is  reclaimed  by  hand,     it  is  usually  placed  on  ■  brick 

concrete   Hour   in   piles,  about  10   feet  bign  ED   30   to  del 

with  a   railroad   track. 
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The  expense  of  storage  is  as  follows: 


Storing  Reclaiming 

Overhead •    $0.05  $0.05 

Labor 20  .10 

Supplies 02  .01 

Depreciation  on  mechanical  equipment 

and    S.    S 07 

Interest  on  investment  and  coal 12  .... 

Insurance  or  equipment  and  sheds 01  .... 

Insurance    on    coal 01  .... 

Total $0.48  $0.16 

In  September,  1914,  run  of  mine  coal  in  the  bin  of  the  new  high  school  in 
Urbana,  Illinois,  ignited  and  considerable  difficulty  was  experienced  in  extinguish- 
ing the  fire.  The  bin  is  56  feet  long,  12  feet  wide,  and  12  feet  deep  fed  through 
two  top  holes.  The  walls  are  of  brick,  8  inches  thick,  laid  in  plaster  with  about 
eight  inches  of  air  space  between  the  storage  bin  and  the  wall  enclosing  the  boilers. 
The  coal  stored  was  from  Seam  No.  6  from  central  Illinois  and  200  tons  of  run  of 
mine  were  placed  in  the  bin  within  a  few  days  after  it  was  mined,  the  coal  being 
wet  down  sufficiently  to  lay  the  dust  as  it  was  stored.  The  only  separation  of 
sizes  was  that  due  to  the  large  lumps  rolling  down  the  sides  of  the  cones  while 
the  fine  coal  formed  the  centers.  The  last  load  was  placed  in  the  bins  June  29 
and  five  weeks  later  the  coal  was  discovered  to  be  on  fire.  The  top  charging  holes 
and  the  bin  door  were  covered  as  tightly  as  possible  with  tar  paper,  and  CO  gas 
was  run  into  the  bin  which  was  then  not  opened  until  November  5.  Two  days 
after  opening  fire  was  again  discovered.  After  partially  flooding  of  the  bin 
proved  ineffectual,  part  of  the  coal  was  removed  so  that  a  hose  could  be  played  on 
the  fire  from  the  inside,  but  this  plan  did  not  prove  effective  and  the  heated  coal 
was  shoveled  out.  Similar  trouble  was  experienced  during  the  following  winter, 
but  since  that  time  the  practice  of  wetting  down  the  coal  when  placed  in  the  bin 

been  discontinued  and  an  effort  made  to  store  cnly  lump  coal.  Since  this 
practice  was  adopted  no  trouble  has  been  experienced. 

A  similar  fire  occurred  in  the  bunkers  of  the  Champaign,  Illinois,  high  school, 
vrhere  500  tons  of  central  Illinois  coal  were  stored  in  May,  1917,  the  coal  contain- 
ing considerable  fines  and  the  upper  part  of  the  pile  being  wet  down  when  it  was 
loaded  into  the  wagons  to  be  hauled  to  the  bins.  Toward  the  end  of  October  smoke 
was  discovered  coming  from  the  pile,  which  was  then  wet  thoroughly  by  the  fire  de- 
partment. About  20  tons  were  loaded  out  from  the  top  of  the  pile  and  a  hot  spot 
found  from  four  to  five  feet  from  the  top.  The  surrounding  coal  was  then  taken 
out  and  no  further  trouble  has  been  experienced. 

The  Northwestern  Fuel  Company*,  St.  Paul,  Minnesota,  stores,  50,000  tons 
of  West  Virginia  and  Maryland  lump,  egg,  nut,  and  run  of  mine  and  one  million 
tons,  or  more,  of  Pennsylvania,  Ohio,  West  Virginia,  and  Kentucky  lump,  run  of 
mine  and  screenings.     Slack  is  sometimes  removed  at  the  mines,  but  not  at  the 
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dock,  and  sizes  are  kept  separate  in  storage  when  they  are  so  delivered  to  the  duck. 
There  is  thought  to  be  a  slight  decrease  in  heating  value  and  a  loss  from  I 
which   varies   widely    with   the   conditions   of   handling.      If    the    bituminous 
heats,  it  is  usually  within  one  to  six  months,  according  to  the  kind,  character. 
size  of  coal.     To  prevent  heating,  the  coal  is  shipped  out  as  promptly  as  possible, 
or  if  heating  occurs,  it  is  moved  by  a  clam-shell  bucket  and  bridge.     The  loss 
through  heating  varies  from  slight  to  complete  destruction  according  to  the  extent 
of  the  heating.     The  coal  is  stored  on  a  plank  floor,  which  is  laid  on  sand  filling. 
It  is  placed  in  continuous  piles  from  33  to  55  feet  high.     If  possible,  the  coal  is 
piled  to  prevent  large  sizes  rolling  to  the  bottom.     There  are  from  20  to  75  per 
cent  fines  below  ^  inches  when  the  coal  is  stored. 

The  Consumers'  Company11  of  Chicago  stores  250,000  tons  or  more  of  bitu- 
minous coal  and  a  similar  amount  of  anthracite,  the  bituminous  being  mainly 
Illinois  and  Indiana  coal  larger  than  the  No.  4  washed.  Some  Pocahontas  mine 
run  is  also  stored.  At  times,  portions  of  the  stored  coal  are  not  moved  for  several 
years.  In  the  larger  bituminous  storage  yards,  the  coal  is  stored  by  a  locomotive 
crane  and  grab  bucket.  The  plat  of  Yard  150  (Fig.  58)  shows  a  typical  storage 
yard.  The  coal  is  stored  about  26  feet  high  in  piles,  the  shape  of  which  depends 
upon  the  shape  of  the  available  storage  space.  The  expense  of  handling  dep< 
upon  conditions.     Ordinarily,  the  coal  is  not  insured  against  fire. 

The  experience  of  the  Consumers'  Company  is  tli.it  screenings  below  l'i 
inches  in  size  will  fire  and  that  size  No.  5  washed  coal  will  fire  even  more  readily 
than  screenings,  but  that  sized  coal  above  lJ4  inches  from  which  the  duff  has  1 
removed  will,  in  general,  stock  without  firing.  Firing  will  start  more  quickly  if 
wood  is  present.  The  leg  of  a  trestle  or  a  similar  piece  of  wood  will  act  as  a  fine 
and  firing  is  likely  to  start  near  any  such  wood  imbedded  in  the  coal  pile.  High 
sulphur  coals  are  thought  to  fire  more  readily  than  others.  Ample  flooding  with 
water  will  put  out  a  fire,  but  a  small  amount  will  accelerate  the  fire,  and  the 
way  is  to  turn  over  the  pile. 

The  St.  Bernard  Mining  Oompanyl  of  Nashville,  Tennesi  eat 

deal  of  2i/,-inch  bituminous  lump  coal  in  square  piles  on  the  ground  to  a  height  of 

20  feet.     The  coal   is  stocked  by  dumping  from  wagons  and   is  reclaimed  by    fork 
in::.      The   expense    is   ten    emits    per   ton    for   labor   and    twelve   cents    for   all   other 
items,    ;i    total    of    twenty  two    cents    per    ton.      The    coal    i^    placed    in    storage    from 
three  to  six  days  after  being  mined  and  remains  in  storage  for  about   nine  nun  ' 
The  best    time   for  storing  is  said   to   DC  September  ami   October,  because  then    it 
dry  and  cool.     The  coal  is  stored  to  protect   contracts  of  tin1  company  and  to   in 
sure   a    domestic    supply.      Storage    is    not    profitable,    but    it    is    done    M  in 

tionary  measure.      Tin1  coal   stocked   is  to  be  used   for  fftf IB  and  domestic   purposes 
and  there  is  no  difference   in   the  selling  price  of   the   fresh   and   stored   60*1      1' 
estimated    that   a  loss  of   twenty  five   per   cent    in   breakage   has   resulted    in    |( 

and  reclaiming.     In  1900  the  Company  had  a  bad  lire  in 

next  year  enough  air  shafts,  which   were  12  inches  by    12   Inches  and  of  8  inch  oak, 

were    placed    around    the    posts,    which    supported    the    she, I. 

bottom    by   troughs   to   give   circulation   of   air   through    the   pile.      Since   that   time. 
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there  have  been  no  fires.  Where  the  troughs  rest  flat  on  the  ground,  auger  holes 
are  bored  to  permit  the  air  to  circulate,  but  sometimes  they  are  raised  by  blocks 
from  two  to  four  inches  high  to  give  circulation.  As  much  as  8000  tons  have  been 
stored  in  this  shed,  but  usually  not  more  than  6000  tons.  No  fires  have  occurred 
since  the  flues  were  installed,  but  J.  R.  Love  sa; 

1 '  There  might  be  some  other  reason  for  the  fire  that  we  had  at  the  be- 
ginning of  our  operation  as  it  started  where  we  dumped  the  first  coal,  which 
had  about  a  20-foot  drop  and  was  bally  broken  and  made  a  large  amount  cf 
slack  or  dust.  The  next  year,  in  addition  to  putting  in  the  air  shafts,  we  were 
very  careful  to  build  up  the  coal  from  the  ground  about  15  feet,  so  as  to 
break  the  fall  of  the  first  coal  that  was  dumped  into  the  shed.  I  am  not  in  a 
position  to  say  for  certain,  whether  the  different  method  of  handling  the  coal, 
or  the  air  shafts,  has  kept  us  from  having  any  hot  coal  after  the  first  year." 
W.  D.  Langtry  says  in  this  connection: 

"Recently  I  investigated  a  storage  pile  in  Michigan  at  a  plant   which 
had  the  idea  of  putting  down  pipes  for  ventilation.    In  one  instance  there  was 
one  pipe  that  was  a  little  taller  than  the  balance,  and  I  found  by  bio. 
some  cigarette  smoke  over  the  top  of  the  short  pipe  that   this  smoke 
carried  into  the  pipe  by  the  draft,  and  the  taller  pipe  was  conducting  the 
gases  out  of  the  pile  and  any  smoke  that  was  blown  across  its  top  was  natur- 
ally conveyed  up.    It  was  plain  to  be  seen  that  this  was  a  current  of  air  \ 
ing  through  the  coal.     If  this  was  sufficient  to  keep  the  coal  cool  no  trouble 
would  occur,  but  from  the  gases  being  given  off,  I  am  afraid  the  air  current 
was  deficient." 

The  Pittsburgh  Plate  Glass  Company,*  Crystal  City,  Missouri,  stores  40,000 
tons  of  mine  run  coal  from  Franklin  and  Williamson  counties,  Illinois,  on  tin' 
ground  in  continuous  pyramidal  piles  twenty  feet  hi^h  without  having  the  slack 
removed.  A  Browning  clam-shell  locomotive  crane  is  used  to  store  ami  reclaim 
the  coal  and  the  expea  -  1  to  be  twenty-five  cents  '  and  twenty  five 

cents  t<>  reclaim.    Storage  during  the  summer  is  considered  tl  ■  al  is 

kept  in  storage  from  two  to  tl.  nth  n  Blight  -e  in  heating  value. 

Tli.'  coal  may  heat  at  any  time  al'1<  •  .  and  it*  BO  it  is  moved  to  another  place. 

13.     Light,  If>  at  oer  Companies.     Public  utility  companies  *>[•■ 

under   the   necessity   of   maintaining   continuous   service   and   are.   t her. 'fore,    vitally 

interested  in  the  storage  of  coal.    Many  of  these  companies  have  already  g 

considerable  attention  to  the  subject. 

The  Rockford  Electric  Compai  kford,  Illii  .t  8,000  I 

of   l  J ■_■  End  from   Harrisburg,   Illinois,  on   the  ground  in  eontin 

pyramidal  piles  twenty  ji.    The  coal  is  placed  in  storage  within  about  two 

weeks  after   being  mined  and   is  kept   there   for  a   period   of  sil   month-        I 
may  heat   after  two  months  and  if  so.  it   is  turned  o\er  with  a  era- 

is  made  to  keep  it  from  heating  by  ventilating  with  pipes.     If  the  coal  dries  out 

and   heats  to  any  considerable  extent,   it    i^   thoughl    to 

(iff.  ,t.      It    :  ted    that    it    costs   ten    cents   per   ton    to    place   it    in      ' 

ami  ten  to  reclaim  it. 
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The  Wisconsin  Gas  and  Electric  Company,*  Racine,  Wisconsin,  stores  30,000 
tons  of  washed  mine  run  Youghiogheny  coal  in  a  continuous  pyramidal  pile  thirty 
feet  high.  The  coal  is  stored  on  the  ground  by  means  of  a  bridge  and  bucket  at  an 
expense  of  eight  cents  per  ton  for  storing  and  twenty-two  cents  per  ton  for  re- 
claiming. This  includes  labor,  supplies,  depreciation  on  mechanical  equipment, 
interest  on  investment,  and  rental  of  the  land  on  which  coal  is  stored.  An  interval 
of  three  or  four  weeks  elapses  between  mining  and  storing.  The  coal  is  used  for 
making  city  gas  and  it  is  thought  to  suffer  a  slight  deterioration  in  value  for  that 
purpose.  It  sometimes  heats  in  from  two  to  four  months  in  which  event  it  is 
quenched  with  water  and  worked  over. 

The  United  Railways  Company  t  of  St.  Louis  keeps  in  storage  as  much  as 
5,000  tons  of  central  and  western  Illinois  screenings  and  mine  run.  These  sizes 
are  kept  separate  in  storage  but  the  slack  is  not  removed.  The  coal  is  stored  in 
bins  and  in  piles  on  the  ground  about  ten  feet  high  with  a  locomotive  crane.  It  is 
placed  in  storage  about  three  days  after  leaving  the  mines  and  is  kept  there  about 
three  months  in  hot  weather.  The  financial  advantage  of  storing  is  regarded  as 
doubtful.  The  coal  is  used  for  power  purposes  and  little  deterioration  in  heating 
value  is  noted  unless  firing  takes  place.  The  lumps  are  said  to  break  up,  but  at 
this  plant  the  coal  is  crushed  before  firing.  The  coal  frequently  heats  and  the 
time  of  heating  is  said  to  depend  on  the  nature  of  the  coal  and  on  the  weather. 
When  heating  begins,  the  coal  is,  if  possible,  removed  and  used. 

The  Aurora,  Elgin  and  Chicago  Railroad  Company t  keeps  in  storage  from 
2,000  to  15,000  tons  of  coal  from  Franklin  and  Williamson  counties,  Illinois.  The 
coal  is  stored  on  the  ground  in  piles  eighteen  feet  high,  each  pile  containing  about 
six  hundred  tons.  This  has  been  decided  upon  as  a  safe  size  of  pile  to  avoid  heat- 
ing. The  coal  is  stored  with  a  crane  and  clam-shell  bucket  and  is  placed  in  stor- 
age about  one  week  after  being  mined.  The  slack  is  not  removed  but  the  sizes 
are  kept  separate.  The  coal  is  kept  in  storage  for  periods  as  long  as  one  year. 
Winter  is  regarded  as  the  best  time  in  which  to  store,  but  because  of  the  availa- 
bility and  price  of  coal  in  the  summer  most  of  it  is  stored  between  July  and 
September.  The  reason  for  storage  is  mainly  to  prevent  a  shortage,  but  there  is 
also  said  to  be  a  saving  of  from  thirty  to  fifty  cents  per  ton  by  storing  in  the 
rammer.  There  is  considered  to  be  a  differential  of  fifteen  cents  per  ton  in  the 
selling  price  against  stored  coal,  which  is  thought  to  decrease  in  heating  value 
from  ten  to  twenty  per  cent.  It  has  been  the  experience  of  this  company  that 
eoal  high  in  sulphur  is  not  suited  to  storing,  but,  if  stored,  should  have  the  slack 
removed  and  should  be  screened.  It  is  reported  that  low  sulphur  coal,  such  as  the 
•  from  Franklin  and  Williamson  counties,  stores  well  in  any  size  and  does  not 
heat  or  deteriorate  to  any  considerable  extent  for  a  period  of  several  months. 
Certain  coals  from  the  same  field,  however,  have  heated  after  less  than  a  week  in 
the  bin.  Gillette  is  convinced  that  the  amount  of  sulphur  in  the  coal  is  a  determin- 
r  in  heating.  He  says: 
' '  Some  three  years  ago  we  had  about  10,000  tons  of  Cuba  screenings 

on  tiie  ground.     This  coal  started  to  fire  from  the  inside  and  before  we  were 
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able  to  pick  it  off  the  ground  the  majority  of  it  had  deteriorated  about  tv. 
to  forty  per  cent  in  heat  value,  leaving  some  three  cars  of  ashes  which  eould 
not  be  run  through  the  plant  at  all  and  consequently  were  ■  total  loss.     This 
coal  had  a  high  sulphur  content. 

"Since  then  we  have  piled  our  coal  in  small  separate  piles.  We  aim  to 
put  from  twelve  to  sixteen  cars  in  one  pile.  If  we  notice  ■  fire  starting  in 
one  of  these  piles,  we  immediately  pick  it  up  with  a  erane.  Since  we  have 
started  this  system  we  have  had  practically  no  trouble  from  firing  of  our 
coal. ' ' 

John  Hunter,  chief  engineer  of  power  plants,  Union  Light  and    Power  Com 
pany,  St.  Louis,  Missouri,  says: 

"For  the  past  ten  years  the  miners'  and  operators'  agreement  expired 
every  two  years,  and  anticipating  a  strike  at  such  time  our  local  industrial 
and  central  station  plants  usually  protected  themselves  by  storing  coal  for 
at  least  thirty  days.  In  1912  our  company  stored  about  30,000  tons  of  coal, 
and  I  am  enclosing  herewith  a  photograph  (Fig.  59)  showing  one  of  the  piles 
of  25,000  tons  of  mine  run  from  the  Mt.  Olive  and  Staunton  mines  in  lis 
County.  The  coal  was  stored  in  February  and  March  and  was  entirely  re- 
moved and  used  by  June  1.  It  was  laid  on  the  pile  by  hand  and  the  track 
raised  as  the  height  of  the  pile  increased,  and  was  reloaded  with  a  steam 
shovel  from  the  pile  into  cars.  We  paid  the  Litchfield  and  Madison  Railroad 
Company  ten  cents  per  ton  to  pile  the  coal  and  an  equal  amount  to  reload 
it,  and  it  is  my  understanding  that  this  figure  just  about  covered  the  actual 
expense.  After  the  coal  was  reloaded  it  was  immediately  shipped  to  our 
power  station  at  Ashley  street  in  St.  Louis,  placed  in  our  bunker  and  used 
up  in  fifteen  days. 

"We  experienced  two  fires  in  this  pile  after  it  had  been  09  the  ground 

for  two  months.     These  fires  were  checked   DJ  working  into  the  pile  with  our 
steam  shovel  and  loading  the  coal  in  steel  cars;  about  twenty  cars  in  all  I 
removed  in  this  way. 

"The  coal  generally   used   DJ  our   company    is   from   the  mint's   in    Macon 
pin,  Madison  and  St.  Clair  counties,  ninety  five  per  cent  of  it  1 
The  only  regular  storage  we  have   is  in  the  coal  bins  directly  over  the   boilers 
in  the  main  central  station.     These  bins  ha\e  a  capacity   of    I  with 

an  average  operatu  of  7,000  tons.    The  bins  are  divided  Into  eight 

tiollS,    and    it    is   necessary    to    have    one    of    these    bins    working    down    for 

cleaning  and  reloading,  otherwise  extensive  fl  very  troublesome, 

average  temperature  below  these  bunkers  is  sboul  125  degrees,  and  we  find  it 

impossible  to  carry  the  coal  longer  than  two  months,  in  other  woi 

necessary   to   renew   the   coal    in   each   of  OUT   bins  every   two   months. 

••In   the   Cill   of    1911    I    personally   knew   of  one  of  the   mine  operators   in 

ciair  County  laying  on  the  ground  the  screenings  from  their  mines,  about 

,000    tons    in    all.    with    the    view    of   holding    them    r  r    the   an*i 

cipated    strike   on    April      1.    L912.      BoWOVer,    in    February    of    that    ftul    I 

■mined    this   OOal   and    found   that    I  'My   per   cent    of    it    had   burned,  the 
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high  percentage  of  sulphur,  clay  and  other  impurities  being  responsible  for 
these  fires. 

"It  is  a  common  expression  among  the  engineers  in  our  locality  who  are 
handling  coal  that  it  is  impossible  to  store  any  of  the  standard  coals  from 
the  inner  group  of  mines  in  Madison  and  St.  Clair  counties,  this  being  my 
personal  views,  unless  the  coal  is  specially  selected.  By  this  I  mean  that  no 
coal  of  less  than  six-inch  sizing  be  laid  on  the  ground." 

W.  E.  Bryan,  of  the  United  Kailways  Company  of  St.  Louis,  says: 

1 '  We  try  to  decrease  our  storage  in  hot  weather  on  account  of  the  danger 
ible  to  firing  than  other  coals.  It  has  also  been  our  experience  that  coal 
which  has  been  cleaned  by  washing,  say  of  nut  or  pea  size,  will  not  fire  so 
readily  as  the  screenings  containing  so  much  dust.  The  hotter  the  weather, 
the  more  is  the  tendency  to  heat.  Also  wet  weather  in  connection  with  sul- 
phurous coal  exposed  to  the  air  will  cause  heating  especially  when  followed 
by  hot  weather. 

1 '  Three  months  is  the  average  length  of  time  coal  is  in  storage  at  one 
plant,  which  has  a  regular  storage  house.  We  do  not  make  any  tests  for 
heating  and  as  a  rule  have  no  trouble  if  the  coal  is  not  stored  more  than 
three  months.  We  have  stored  the  coal  longer  than  this  without  trouble,  but 
we  do  not  like  to  carry  more  coal  than  can  be  moved  in  three  months. 

' '  We  try  to  decrease  our  storage  in  hot  weather  on  account  of  the  danger 
of  firing  and  in  the  past  have  been  stocking  up  to  some  extent  in  the  fall 
when  screenings  are  comparatively  cheap.  Under  these  conditions  we  may 
at  times  hold  the  coal  in  storage  longer  than  three  months. 

"It  is  hard  to  give  any  definite  figures  because  our  results  have  varied 
quite  a  good  deal." 

The  Laclede  Gas  Light  Company*  of  St.  Louis  stores  from  5,000  to  15,000 
tons  of  Pocahontas  screenings  and  from  40,000  to  85,000  tons  of  run  of  mine  coal 
from  Elkhorn,  Kentucky.  The  sizes  are  not  kept  separate  and  slack  is  not  re- 
moved before  storing.  It  is  stocked  from  seven  to  ten  days  after  being  mined 
and  preferably  in  the  spring  or  summer.  No  decrease  in  heating  value  is  noted  and 
there  is  no  less  from  breakage.  The  Pocahontas  coal  heats  in  about  six  months. 
To  prevent  heating  the  piles  are  turned  over,  but  if  heating  occurs  the  pile  is 
quenched  with  water  and  used  as  soon  as  possible.  Heating  causes  a  loss  in  gas 
and  in  by-products.  The  coal  is  stored  by  means  of  a  locomotive  crane  and  clam- 
shell bucket.  It  is  similarly  reclaimed  directly  from  the  pile.  The  coal  is  stored 
directly  on  the  ground  in  long,  continuous  piles  from  twenty  to  forty  feet  high. 

The  Cleveland  Illuminating  Company  keeps  about  15,000  tons  of  slack,  85,000 
tons  of  run  of  mine  Ohio  No.  8,  western  Pennsylvania,  and  Fairmont,  West  Vir- 
ginia, coals  in  storage,  the  sizes  being  kept  separate.  The  coal  is  stored  by 
ins  of  a  gantry  crane  hoist  in  rectangular,  continuous  piles  to  a  height  of 
thirty-five  feet  and  is  recovered  by  means  of  a  locomotive  crane  which  handles 
About  500  tons  in  ten  hours,  the  hoist  handling  about  1200  tons  in  ten  hours. 

The  East  St.  Louis  Light  and  Power  Company  stores  from  5,000  to  12,000 
tons  of  screenings  under  water  from  St.  Clair  and  Madison  counties,  Illinois,  as  an 


■  J     W.    Uulfin.    Auditor. 
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emergency  supply.  There  is  no  loss  from  breakage  or  depreciation  in  heating 
value. 

44.     Storage   at  Metallurgical   Plants. — According   to    the    Ufc1  porta   of 

the  U.  S.  Geological  Survey,  there  are  more  retorts  for  smelting  zinc  in  Illinois 
than  in  any  other  state.  This  number  has  gradually  increased  and  much  of  the 
smelting  of  zinc  formerly  carried  on  in  Kansas,  owing  to  the  presence  of  natural 
gas,  has  within  a  few  years  been  transferred  to  Illinois  on  account  of  the  adequate 
coal  supply.  It  is  of  especial  interest,  therefore,  to  note  to  what  extent  coal  is 
being  stored  at  the  zinc  plants.  The  following  is  a  resume  of  the  answers  given 
in  response  to  the  questionnaire  sent  to  the  ten  zinc  smelters  in  the  Stat.-. 

The  Illinois  Zinc  Company  at  Peru  and  the  Matthieeeen  and  Hegeler  Zinc 
Company  at  LaSalle  operate  their  own  mines  contiguous  to  the  smelters  and  do 
not  store. 

The  Sandoval  Zinc  Company  at  Sandoval  and  the  Missouri  Zinc  Company  at 
Beckemeyer  do  not  store  coal. 

The  Collinsville  Zinc  Company  at  Collinsville  stores  No.  4  and  No.  5  mixed 
Franklin  County  coal  on  the  ground  in  continuous  piles  from  ten  to  twelve  feet 
high,  in  order  to  assure  a  supply  for  continuous  operation.  The  coal  is  thought 
to  decrease  in  heating  value,  but  the  amount  of  this  decrease  is  not  known.  Coal 
is  stored  and  reclaimed  by  hand,  and  no  heating  has  been  observed. 

The  American  Zinc  Lead  and  Smelting  Company  of  St.  Louis,  at  its  plant  in 
East  St.  Louis,  keeps  in  storage  on  the  ground  from  thirty  to  sixty  days  800 
of  St.  Clair  County,  Illinois,  run  of  mine  coal  without  removing  the  slack.     Coal 
is  uidoaded  by  locomotive  cranes  upon  conical  piles  ten   feet   high.     Cri 
also  used  for  reclaiming  the  coal  and  while  the  storage  costs  are  not  segrega 
they  are  estimated  to  be  twenty  cents  per  ton  for  placing  the  coal  in  storage,  and 
fifteen  cents  for  reclaiming.     These  figures  include  interest  on  the  investment. 
pairs  of  unloading  machinery,  and  all  charges.     The  coal  is  osed  for  making  | 
ducer-gas  and  is  stored  to  insure  a  supply  at  all  times,  but  no  financial  advanl 
is  secured.     The  coal  is  thought  to  decrease  in  heating  value  from  about  li> 
ten  per  cent.     No  data  are  available  concerning  breakage.     Some  kinds  of  coal 
lire,  the  time  of  firing  after  storage  depending  on  the  size  and  the  Bulphur  content 
of  the  coal.    As  soon  as  heating  is  noticed  the  coal  is  picked  up  and  osed.     Little 
time  elapses  between  mining  and  storing.     Winter  ndered  the  best   tin 

store. 

The  Mineral   Point  Zinc  Company  at    DepUO,    Ill'iie 

piles  from  600  to  700  feet  long,  60  feet  iride,  L2  feel  high,  the  pile  parallel 

with    two    tracks   on    which    the   locomotive    crane    and    cars    operate.      The    -• 

yard  has  ■  capacity  of  about  60,000  tons.    Grab  buckei  Md  and  the  • 

of  storing  is  from   live  to  six  cents  and   for   reclaiming   from   live  |  per 

ton   for   labor,   materials,  maintenance,   and   overhead.     Ooali   principally    ft 

Barrisburg,   Saline  County,   llli'  stored  and   they   are  kept    in   ■(  frOSl 

<ix   to   twelve   months.      Lump   or   mine    run    is   preferred.      S.reeui  Kept    in 

DD    one    to    three    months,    the    different  kept    separ.v 

slack    is    not    remove. 1.      The   coal    I  in    from    li  mg 

mined,  mainly  in  the  fall  in  anticipation  of  the  spring  nee  : 
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in  storage  at  all  times  to  insure  against  strikes  and  transportation  trouble.  Coal 
used  for  fuel  and  gas  making  purposes  is  thought  to  deteriorate  in  heating  value, 
but  no  definite  data  are  available.  Screenings  from  southern  Illinois  heat  in 
about  ninety  days,  those  from  the  Peoria  district  in  about  twenty-five  days.    From 

10  to  25,000  tons  of  mine  run,  lump,  egg,  and  washed  nut  from  the  Peoria 
district  are  kept  in  storage  at  all  times  and  no  firing  has  occurred,  although  the 
piles  are  of  the  same  size  as  those  of  the  screenings.  It  is  reported  that  a  pile  of 
Peoria  run  of  mine  has  been  in  storage  for  a  year  without  firing,  the  pile  being 
twelve  feet  high,  thirty-five  feet  at  the  base  and  containing  about  3,000  tons. 

J.  H.  Brooks,  Superintendent  of  the  Depue  plant,  says  that  the  slack  is 
sometimes  received  hot  in  the  cars  and  he  believes  that  while  a  shallow  pile  will 
help  to  prevent  the  firing  of  unwashed  Illinois  screenings  to  a  certain  extent,  his 
experience  is  that  this  class  of  coal  cannot  be  stored  for  an  indefinite  period  on 
the  ground.    As  soon  as  heating  is  discovered  the  coal  is  loaded  out. 

The  Robert  Lanyon  Zinc  and  Acid  Company*  of  Hillsboro,  Illinois,  stores 
about  2,000  tons  of  run  of  mine  Montgomery  County,  Illinois,  coal  from  which 
the  slack  has  been  removed.  It  is  stored  in  five  to  seven  days  after  being  mined 
and  is  kept  in  storage  from  three  to  six  months.  The  coal  is  used  for  steam  and 
gas  making  purposes  and  is  stored  to  insure  supply,  with  no  financial  advantage 
resulting.  It  is  thought  to  decrease  two  per  cent  in  heating  value  and  it  some- 
times fires  in  from  one  to  nine  months,  the  injury  from  firing  depending  upon  the 
extent  of  the  fire.  Piles  are  continuous,  fifty  feet  wide  and  five  feet  high,  and  are 
placed  on  the  ground  or  preferably  on  cinders.  To  prevent  firing  the  piles  should 
be  kept  low. 

45.  Storage  for  CoTce  Ovens  and  Blast  Furnace  Plants. — The  coal  required 
for  coke  and  blast  furnace  plants  is  so  great  that  a  considerable  quantity  is  al- 
ways kept  in  storage  to  meet  emergencies.  Storage  also  makes  it  possible  to  take 
advantage  of  lake  transportation. 

A  number  of  coke  and  steel  companies  operating  in  the  Chicago  and  St.  Louis 
districts,  and  in  other  districts  in  the  Middle  West  stores  coals  both  from  the 
Middle  West  and  from  the  East. 

The  By-Products  Coke  Corporationf  of  South  Chicago  keeps  in  storage  a 
maximum  of  about  400,000  tons  of  miscellaneous  sizes  of  West  Virginia  coals 
made  up  of  about  160,000  tons  McDowell  Big  Sandy  coal  and  240,000  tons  of 
Kingston  coal  from  Fayette  County.  Coals  of  different  varieties  are  separated, 
but  no  attempt  is  made  to  separate  sizes.  The  coal  is  piled  on  a  4-inch  timber 
flooring  in  pyramidal  piles  from  forty  to  fifty  feet  high  by  means  of  a  belt  con- 
veyor operated  on  movable  bridges.  It  is  reclaimed  by  buckets.  The  costs  are 
not  available  since  they  are  not  segregated.  Although  the  company  stores  large 
quantities  of  coal  in  the  summer  when  lake  transportation  is  open,  it  is  considered 
tore  in  the  winter  so  that  there  may  be  less  initial  heat  in  the  pile.  In 
stocking  an  effort  is  made  to  avoid  segregation  of  lumps  in  the  pile.  The  coal  is 
believed  to  deteriorate  in  heating  value,  but  no  data  are  available.  After  the  coal 
itoragc  four  months,  it  is  turned  over  to  prevent  heating.     The  coal  some- 
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times  heats  in  from  three  weeks  to  three  or  four  months  in  which  event  i: 
up  promptly  or  is  turned  over  upon  fresh  piles. 

The  Inland  Steel  Company*  stores  at  Indiana  Harbor  70,000  tons  of  run  of 
mine  and  slack  coal  from  a  district  north  of  the  Poeahoni  m  in   West  Vir- 

ginia, and  140,000  tons  of  flinch  Youghiogheny  lump  coal.     The  coal  is  st- 
from  ten  to  fourteen  days  after  mining.     The  slack  is  not  removed  and  the  | 
are  not  kept  separate.     The  greater  part  is  kept  in  storage  from  December   1   to 
April  15,  while  lake  transportation  is  closed,  and  some  remains  h.  two  or 

three  months  longer.  It  is  stored  on  a  3-inch  maple  iloor  in  a  continuous  pile 
forty  feet  high  by  means  of  a  traveling  bridge  and  belt  conveyor.  When  the  stor- 
age season  opens,  the  floor  is  cleaned  and  coal  is  stored  gradually  from  one  end  to 
the  other  of  the  pile.  Coal  is  reclaimed  by  means  of  buckets,  the  coal  longest  in 
storage  always  being  taken  out  first.  August  and  September  are  considered  the 
best  months  in  which  to  store  since  the  coal  received  then  is  dry.  The  heal 
value  of  the  coal  is  not  determined,  but  the  gas  made  from  the  stored  coal  does  not 
vary  materially  in  heating  value  from  that  made  from  fresh  coal.  Coal  soniet 
heats  and  fires  in  from  a  few  weeks  and  to  prevent  heating  it  is  turned  over 
occasionally.  If  heating  occurs,  the  affected  part  is  removed.  Coal  thus  heating 
loses  its  coking  qualities. 

The  Illinois  Steel  Company  t  keeps  in  storage  at  the  Joliet  Works  from  10,000 
to  30,000  tons  run  of  mine  Pocahontas  and  from  10,000  to  30,000  tons  of  eoala 
from  Letcher  and  Harlan  counties,  Kentucky.  Coal  is  piled  twell  deep   DJ 

means  of  bridge  and  conveyor  in  concrete  pits  having  concrete  lloors.  It  is  stored 
within  one  or  two  weeks  after  mining  and  is  kept  in  storage  from  one  to  twelve 
months.  The  coal  may  heat  to  a  variable  degree  in  from  sixty  to  ninety  days  and 
and  if  heating  occurs  it  is  taken  out  of  stock. 

The  Illinois  Steel  Company}  also  stores  at  South  Chicago,  Illinois,  quantities 
as  great  as  100,000  tons  of  coal  from  McDowell  County,  West  Virginia,  and  100,- 
000  tons  from  Letcher  County,  Kentucky.  The  grade  is  run  of  mine  and  the  slack 
is  not  removed.     The  coal  is  stored  in  the  rammer  and  within  two  :'ter 

being  mined.     It  is  used  to  make  by-product  coke.     Coal  1  in  a 

bin   in  continuous  piles  fifty  feet  high.     It  is  stored  and   reclaimed   by   means  of 

overhead  bridges. 

The  Wisconsin  Steel  Company  of  South  Chicago  doOf  not  stock  in  large  quan- 
tities and  keeps  only  from  4,000  to  10,000  tons  in  piles  which  are  being  lltlv 
drawn  upon. 

The  Iroquois  Iron  CompanyH  of  South  Chicago  keepe  about  1,000  tons  of  run 
of   mine   coal   from   Christian    County.    Dlinois,    in    Si  for   about   eight    months. 

The  coal  is  stored  within  two  or  three  weeks  after  being  mined  and  the  slack  i> 
removed  before  storing,    it  is  placed  on  the  ground  in  a  continuous  pile  I 

live  feet    high   by   means  of  a   locomotive  Crane  at   an  expense  Of  ten   cuts   per 

for  storing  and   reclaiming.      The  coal   is   DJOd    for  >t<':ini   purposes  and   it   does   not 
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depreciate  materially  in  heating  value,  but  suffers  a  loss  of  five  per  cent  in  break- 

The  Coal  Products  Manufacturing  Company*  of  Joliet,  Illinois,  stores  about 
5,000  tons  of  run  of  mine  from  the  Elkhorn  and  Logan  Coal  Company,  West  Vir- 
ginia, and  3,000  tons  of  run  of  mine  from  Franklin  and  Williamson  counties,  Ill- 
inois, for  a  period  of  from  60  days  to  90  days.  The  coal  is  stored,  within  a  week 
or  two  after  mining,  on  the  ground  in  separate  piles,  thirty  feet  high  by  means 
of  a  bridge  which  is  also  used  for  reclaiming.  The  coal  is  used  for  the  manu- 
facture of  by-product  coke  and  no  decrease  in  heating  value  has  been  noted.  The 
Pocahontas  coal  heats  within  sixty  days,  but  the  Logan  County  coal  has  not  done 
so.     Heating  is  said  to  impair  its  coking  qualities. 

The  Jones  and  Laughlin  Steel  Company  t  of  Woodlawn,  Pennsylvania,  keeps 
in  storage  100,000  tons  of  raw  Pennsylvania  No.  5  coal  all  of  which  is  passed 
through  a  three-inch  crusher,  also  200,000  tons  of  washed  Pennsylvania  No.  5 
which  is  passed  through  a  24 -inch  crusher.  The  coal  is  stored  in  pyramidal  piles 
300  feet  wide  and  350  feet  long  by  means  of  a  bridge  and  conveyor  and  is  re- 
claimed by  buckets  from  the  bridge.  The  coal  is  stocked  within  three  days  after 
being  mined  and  most  of  the  washed  coal  is  kept  separate  and  left  in  storage  for 
a  period  varying  from  four  to  eighteen  months.  The  washed  coal  is  stored  at  any 
time  during  the  year,  and  the  raw  coal  in  November  and  December  because  of 
river  navigation.  The  raw  coal  will  fire  spontaneously  after  about  four  months, 
starting  about  eight  feet  from  the  bottom  of  the  pile,  but  while  the  washed  coal 
heats  up  it  does  not  fire.  The  raw  coal  is  now  piled  only  twenty  feet  deep  instead 
of  forty-five  feet  as  formerly,  and  the  washed  coal  is  stored  to  a  depth  of  forty- 
five  feet. 

Horace  C.  Porter  of  the  H.  Koppers  Company  of  Pittsburgh  says:  "We 
have  noted  especially  in  the  plant  of  the  Lehigh  Coke  Company,  South  Bethlehem, 
Pennsylvania,  now  owned  by  the  Bethlehem  Steel  Company  the  fact  that  the 
weathering  of  coal  in  the  open  has  a  considerable  effect  on  its  coking  qualities 
after  a  certain  period  and  affecting  the  degree  of  shrinking  or  of  expanding  of 
the  coal  during  coking." 

G.  F.  Downs,  Superintendent  of  the  Lackawanna  Steel  Company,  Buffalo, 
New  York,  says: 

"Our  experience  in  stocking  coal  has  been  that  any  low  sulphur  coal, 
such  as  Pocahontas  coal,  can  be  piled  to  a  height  of  thirty  to  sixty  feet  and 
will  stand  indefinitely  without  heating  or  firing. 

"It  is  our  experience  that  coals  containing  one  per  cent  of  sulphur  and 
more  cannot  be  piled  higher  than  twelve  to  fifteen  feet  without  heating  and 
firing  inside  two  months.  We  have  tried  piling  such  coals  twenty  to  thirty 
it  high  and  using  ventilating  pipes,  well  distributed  over  the  surface  of 
the  pile,  but  this  gave  no  relief  from  the  heating  and  we  believe  made  the 
fire  more  rapid  after  it  had  once  started  as  the  pipes  acted  as  flues." 

The  Calumet  and  Ilecla  Mining  Company,*  Calumet,  Michigan,  stored  a  max- 


*  A,  if.  Harris,  Superintendent. 

t  A.    W.    Belden,    Superintendent,    Coke    Department. 

X  Jar.  'on,      Vice-President     and     General     Manager. 
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imum  of  500,000  tons  of  coal  from  Thacker,  West  Virginia,  and  Mansfield,  Penn- 
sylvania, for  a  period  of  eight  months,  the  coal  being  received  within  about  two 
weeks  after  being  mined  and  during  the  open  navigation  season  from  May  to 
November.  There  is  some  depreciation  in  heating  value  but  no  material  loss  from 
breakage.  If  screened,  there  is  no  trouble  from  heating.  The  coal  is  stored  both 
in  sheds  and  in  the  open  in  continuous  rectangular  piles  about  twenty-five  feet 
high.  A  tower  system  of  storage  is  now  being  installed.  About  ten  per  cent  of 
the  coal  is  below  three-fourths  inches.  Sizes  are  not  kept  seperate  in  storage,  but 
Black  is  removed.  The  expense  of  unloading  from  boats  and  storing  is  15  cents  par 
ton  and  the  total  reclaiming  expense  is  7%  cents  per  ton  in  summer  and  IP,  in 
winter.     These  amounts  do  not  include  rent,  interest,  or  depreciation. 

46.  Mine  Storage. — The  simplest  method  of  storage  at  the  mine  is  by  mi 
of  bins  which  form  a  part  of  the  tipple  structure  or  are  located  in  a  detached  shed 
or  building.  Such  bins  provide  a  small  storage  capacity  which  will  tide  over  any 
short  stoppage  of  the  mine  and  at  mines  where  there  are  coke  ovens  and  where  it 
is  necessary  to  insure  a  steady  supply  of  oven  coal  they  are  extensively  used.  In 
the  Pocahontas  region  of  West  Virginia,  bins  were  at  first  built  to  take  care  of 
the  slack  only,  but  the  system  has  gradually  been  extended  to  include  all  com- 
mercial sizes.  In  the  Connellsville  district  of  Pennsylvania  the  storage  bins  bold 
usually  from  1000  to  2000  tons  and  permit  the  mines  to  be  idle  for  a  period  of 
one  day  without  interfering  with  the  operation  of  the  ovens.  At  some  of  the 
mines  of  the  Middle  West,  particularly  where  coal  is  rescreened  or  washed,  similar 
Kins  are  used,  but  they  are  generally  placed  in  a  separate  rescreening  structure. 
The  capacity  of  bins  varies  from  30  to  250  tons  each  and  while  they  furnish 
small  temporary  storage  for  the  washing  or  rescreening,  they  do  not  materially 
effect  the  operation  of  the  large  modern  mines. 

The  Federal  Coal  Company  of  Straight  Creek,   Kentucky,   recently   built   at 
the  Barker  mine  a  storage  bin  which  holds  150  tons  of  run  of  mine  coal.     The 
purpose  of  this  bin  is  to  furnish  storage  for  at  least  a  part  of  a  day's  run  in  case 
ears  are  not  placed  at  the  mine,  or  in  case  there  are  not  enough  cars  for  the  dl 
supply.     With  regard  to  this  bin  R.  R.  Atkins,  Superintendent 

''We  selected  for  the  site  for  the  storage  bin,  an  old  date  dump  which 
was  near  our  tipple  and  when  dumping  into  the  bin  cars  are  shoved  Dp  ■ 
short  grade  to  the  top  of  this  dump,  about  !•">  feet  sbovc  the  dump  at  the 
tipple,  ami  straight  run  of  mine  is  placed  in  the  bins,  which  ha.  •  at 

the  bottom  for  discharging  into  railroad  ur,"id<  las.  This  has  proved  t<>  be  90 
successful  that  we  have  plans  umler  consideration  f<>r  erecting  bins  at  our 
other  mines  to  be  used  in  a  similar  way.  but    PS  do  1  tnplate  ' 

age  of  coal   in  any  quantities.     It  is  our  idea  to  build   In  .   h   cap.. 

thai   the  size  of  the  bin.  together   with   the  mine  cars  at   each   mine,   will   hold 
about   a  day's  run.      We   believe   that    by   doing  this,   PS   will   be  able  to   run 
our   miles    when    we    have    no    c:ir>   and    al-o    to    load    out    a    greater    numbc: 
cars   on    days    when    the    railroad    plaCSS    them,    thus    Increasing    our    car    :, 
ment. 

"While  it   is  rather  difficult   for  us  to  figure  on   t1  •'  dump 

big  the  coal   in  this  bin,  and  dischargil  ire  that   tie' 
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amounts  to  about  ten  cents  per  ton.  This  could  be  considerably  lowered  by 
the  erection  of  a  bin  of  a  different  type  but  this  would  necessitate  a  greater 
expenditure  of  money  in  the  erection  of  a  bin  as  this  bin  was  an  experiment, 
we  did  not  at  the  time  feel  justified  in  going  to  too  heavy  an  expense." 

Detailed  descriptions  of  two  plants  for  storing  coal  at  the  mines  in  Franklin 
County,  Illinois,  are  given  on  pages  51  and  71,  and  for  the  large  plant  of  the 
Clinchfield   Fuel   Company   on  page   64. 

The  Bell  and  Zoller  Company  at  Zeigler,  Franklin  County,  Illinois,  during 
the  winter  of  1916-17  stored  45,000  to  50,000  tons  of  Nos.  3,  4,  and  5  coal  by 
means  of  a  ly'2-ton  elam-shell  bucket  operated  by  a  locomotive  crane.  The  coal 
piles  were  from  forty  to  fifty  feet  long  and  thirty  feet  high,  and  the  three  sizes 
were  kept  separate.  No  difficulty  was  experienced  from  firing,  although  the  coal 
was  kept  in  storage  until  the  following  winter.  This  coal  was  stored  for  the 
purchaser  who  paid  the  actual  cost  which  was  found  to  be  slightly  over  three 
cents  for  unloading  and  from  seven  to  eight  cents  for  loading. 

At  the  Security  and  Majestic  mines  in  southern  Illinois,  coal  has  been  stored 
on  the  ground  for  the  Illinois  Central  Railroad  by  means  of  side  dump  cars 
furnished  by  the  road.  Whenever  the  coal  companies  had  no  cars  for  regular 
shipments,  these  cars  were  loaded  and  dumped  on  the  ground  near  the  tipple. 
The  coal  was  reclaimed  when  needed  with  locomotive  cranes. 

Coal  has  been  similarly  stored  at  Buckner  and  Christopher,  Illinois,  by  the 
Old  Ben  Mining  Company.  At  one  mine  in  central  Illinois  coal  was  stored  in  a 
small  pond  near  the  tipple  and  reclaimed  with  a  locomotive  crane. 

In  the  report  of  the  International  Railway  Fuel  Association  for  1915*  occur 
the  following  suggestions  for  storage  at  the  mines: 

1 '  At  strip  pit  mines  practical  storage  could  be  accomplished  by  leaving 
a  small  covering  on  the  coal.  If  areas  operated  were  large,  from  50,000  to 
100,000  tons  could  be  partially  uncovered  in  the  summer  and  thus  carried  in 
storage  without  using  the  water  covering  method,  and  this,  I  believe,  could 
be  done  at  only  small  additional  cost  to  reimburse  the  steam  shovel  operator 
for  returning  and  uncovering  and  loading  coal  when  season  requires.  A  strip 
pit  could  be  made  to  double  or  treble  its  daily  production  with  only  the  one 
loading  cost,  and  this  would  also  reduce  breakage." 

This  suggestion  applies  to  coal  which  weathers  very  quickly,  but  for  coal 
which  stands  the  weather  for  a  reasonable  period  of  time  a  considerable  storage 
capacity  may  be  made  available  at  stripping  mines  by  taking  off  the  surface  and 
leaving  the  coal  until  it  is  needed;  in  fact,  it  is  one  of  the  advantages  claimed 
for  strip  mining. 

II.  Davieeyf*  Fuel  Inspector  of  the  Grand  Trunk  Pacific  Railway,  Poca- 
hontas, Alberta,  Canada,  suggests  the  following  system  of  storage  for  a  mine  in 
B  hilly  country  (see  Fig.  60;  : 

"In  mountainous  districts,  where  seams  are  pitching,  operators  always 
ter  the  hillside  at  a  point  that  gives  them  elevation  for  their  tipple  above 
the  railroad  track,  generally  about  25  to  30  feet. 


»  Proceeding*,  Vol.  VII,  p.  265. 
t  Ibid,    i 
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•At  this  depth,  at  foot  of  sloping  hill,  adjacent  to  tipple,  a  side-cutting 
about  eight  feet  deep,  and  as  long  as  capacity  requires,  at  one  pei  cent  grs 

dipping  away  from  tipple,  should  be  made.     In  this  cuttii  met  tin. 

of  ordinary  heavy  timber,  boxed  in  with  round  Lugging  «»r  planking.  Then 
bring  rock  dump  at  tipple  level;  parallel  with  tunnel  and  opposite  the  hill. 
The  apex  of  rock   dump  to  be  50  feet  from  center  of  tunnel-timber-collar, 

thus  forming  a  Y-shaped  bin  above  tunnel.     Trim  or  shear  side  of  rock  dump 


Fi«i.  60.    Suggested  System  of  Storage  fob  a  Mini  ix  a  Hilly  Country 
(Reproduced   from   the  I inge  of  the    In:- rnational   Railway   Fuel   Association) 


Tipple 


Capacity  600,000  Tons 


StorageXCoal 


I 


Bridge 


Loading  Track 
Conveyor  Cham 


AT    TIIF.     TllTI.K 
rodttced    from    the    Proceeding!   of    I  national    Railway    Fuel    Association) 


and  hillside  to  an  I  not  leas  than  80  degrees.    Oovex  over  with  la; 

then  corduroy,  plank,  or  face  frith  i 
double  track  on  to  bin  on  tipple  elevation,  one  for  loads  and 

empties.     Prom  commencement  of  bin  onwardi  agth 

of  bin.  fie  track       C     run  on   this  track,  build  a  iblc 

traveling    carriage    dump    ....       With  in 

tunnel  to  tra«k  on  tipple,  the  capacity   would  be  approximately 
hundred    li  bin.       If    mine   situated    <»n    1. 
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elevation  is  still  available  in  tipple.      The    only    difference    would    be,    that 
another  rock  pile  would  have  to  be  constructed,  to  replace  natural  hillside.' ' 

Fig.  61  shows  a  plan  suggested  for  storing  screenings  at  the  tipple.*  The 
eoal  is  carried  from  the  tipple  by  a  chain  bucket  conveyor  which  runs  parallel 
with  one  side  of  the  storage  yard,  the  conveyor  being  supported  on  concrete  posts, 
and  provided  with  doors  every  ten  feet  through  which  the  coal  may  be  dropped 
to  the  ground,  when  the  bridge  bucket  places  the  coal  directly  in  the  car  standing 
on  the  loading  track  independent  of  the  other  mine  tracks.  Such  a  plan  would 
cost  more  and  seems  to  offer  few  advantages  over  the  locomotive  crane  storage 
plant. 

The  Consolidation  Coal  Company  t,  Fairmont,  West  Virginia,  stores  coal  in 
its  mines  in  the  Miller's  Creek  district  of  eastern  Kentucky.  The  coal  is  stored 
during  the  summer  time  to  supply  the  winter  demand  and  is  placed  on  the  ground 
in  long,  narrow  piles  about  thirty  feet  high.  It  is  reclaimed  by  shoveling  into 
mine  cars.  No  heating  has  occurred  but  the  amount  of  slack  increases  from  thirty 
to  fifty  per  cent.  The  coal  contains  about  fifty  per  cent  below  three-fourths 
inches  when  stocked. 

47.  Storage  by  Railroads. — The  subject  of  railroad  storage  has  been  dis- 
cussed so  fully  by  the  International  Eailway  Fuel  Association  since  1914  that  it 
is  very  difficult  to  present  any  data  not  already  contained  in  the  Proceedings  of 
the  Association. 

The  replies  to  the  questionnaire  have  brought  out  the  following  points: 

The  practice  of  the  Illinois  Central  Eailroadt  may  be  summarized  as  follows: 

The  place  where  coal  is  to  be  stored  should  be  free  from  all  rubbish  and 
special  attention  should  be  paid  to  drainage  to  avoid  trouble  from  excessive  mois- 
ture.   The  coal  in  storage  should  not  be  in  contact  with  steam  pipes. 

It  is  advisable  not  to  store  the  coal  to  a  depth  exceeding  sixteen  or  eighteen 
feet,  nor  to  a  width  exceeding  thirty  feet.  Alleyways  are  left  between  the  stor- 
age piles,  thus  separating  the  coal  in  storage  into  piles  about  thirty  feet  long. 

After  the  storage  piles  have  been  completed,  pipes,  preferably  old  flues  re- 
moved from  locomotives,  are  placed  at  intervals,  and  staggered  about  the  piles. 
In  inserting  the  pipe  into  the  coal  pile  a  pointed  wooded  plug  is  placed  in  the 
end  of  the  flue,  so  that  it  may  be  driven  to  the  required  depth  without  excessive  labor 
The  flue  should  be  driven  through  the  coal  to  within  about  twenty-four  to  thirty 
tnehefl  of  the  soil  and  it  should  then  be  withdrawn  sufficiently  to  permit 
the  plug  to  be  driven  out  of  the  pipe.  By  inserting  a  %-inch  rod  through 
the  top  flue  and  using  a  medium  hammer  the  wooden  plug  can  be  driven 
out  through  the  bottom,  thus  creating  an  air  chamber  at  the  bottom  of  the 
flue  in  vrhiefa  temperature  reading  may  be  taken  by  means  of  a  thermometer 
fastened  to  a  line.  Note  of  the  atmospheric  temperature  should  be  made  before 
thermometer  into  the  flue.  The  thermometer  should  remain  in  the 
bolfl  fifteen  or  twenty  minutes.     If  the  temperature  of  the  pile  is  thirty  degrees 


1     Vol.   VI,    p.    124,    1914. 
t  Frar.k    Haas-  Lng  Engineer. 

I  11.    B.     Brown,    General    Fuel    InsjM 
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above  that  of  the  atmosphere,  that  part  is  immediately  taken  out  and  used.  Since 
a  rapid  increase  in  temperature  indicates  excessive  heat,  arrange  to  remove  the 
coal  by  the  use  of  a  locomotive  crane  or  similar  mechanical  devie 

Do  not  place  fine  coal  on  the  bottom  of  the  pile,  and  keep  the  bottom  dry. 
Mixed  screenings  will  fire  more  readily  than  unmixed. 

The  alleyways  or  spaces  between  the  piles  give  an  opportunity  to  save  the  coal 
with  little  expense  and  provide  an  easy  means  of  locating  trouble  from  heating. 

Deterioration  of  coal  in  storage  may  be  greatly  reduced  by  a  covering  of  small 
coal  an  inch  or  less  in  size. 

Do  not  mix  coals  from  different  mines  if  it  can  be  avoided,  particularly  when 
the  action  of  a  given  coal  in  storage  has  been  determined.  Screenings  particularly 
should  not  be  mixed  before  storing.  Instances  are  cited  of  screenings  intended  for 
power  plant  use  which  fired  in  the  car  within  a  short  time  after  having  been 
rained  on.  Locomotive  coal  from  the  same  mining  region  which  had  been  stored 
twenty-five  years  had  not  fired. 

The  following  instructions  regarding  storage  of  coal  on  the  Rock  Island 
Railroad  were  issued  during  the  spring  of  1917  by  Carl  Scholz,  then  manager  of 
the  mining  and  fuel  department,  in  connection  with  the  contemplated  storage  of 
465,000  tons  of  coal  at  various  points,  165,000  tons  were  to  be  used  to  effect  car 
economies  and  to  be  reloaded  after  the  peak-load  of  railroad  transportation,  and 
the  remainder  to  insure  an  ample  supply  in  case  of  labor  trouble. 

InstructioTis  Governing  Storage  of  C<* 

"Engine  coal  is  stored  for  the  purpose  of  providing  fuel  at  a  time  when 

the  demand  for  it  is  greater  than  the  current  orders  can   provide  or  guard 
against  shortage  in  case  of  suspension  at  the  mines. 

"In  unloading  coal,  the  reloading  cost  must  always  be  considered,  and 
the  place  selected  for  storing  should  be  convenient   to   fuel   chutes  so  I 
handle  coal  with  the  minimum  mileage  from  the  storage  pile  to  the  place  of 
ultimate  consumption. 

"In  selecting  the  ground  for  storage  pile,  draining!  should  be  fully  con- 
sidered, because  the  coal  should  not  be  stored  on  srel  ground  or  idled  material 

liable  to  cause  spontaneous  combustion.     Hard  day  is  preferable  as  a  founda- 
tion, with  drainage  on  both  sides  and  if  ry,  drainage  til.-  or  di1 
through  the  center. 

"The  2-inch   truck  unit   hai   1  -idard.      Under   this 

rangement,  two  tracks  will  be  built  at  sixty  five  foot  eentei  •  will 

be  raised  as  the  coal  is  onloadi  on  the  rl  If  until 

the    piles   reach    their   height    limit.      Then    they    will    be    remove  1    and    lai 

fifteen-foot  centers  between  the  piles,  thereby  enabling  the  reloading  of  • 
either  by  hand  or  clam  shell,  the  clam  shell  to  bran  I  I  seh  and  • 

to  be  loaded  to  occupy  the  other  track. 

•  •  Where  Qlinoii  sj  oal  piles  should 

1  i  maximum  height  of  fifteen  feet,  but  with  Oklahoma 

go  to   twenty   or   twent 

\   unit   1-uilt  of  thil  plan  of  i 
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.000  tons  of  coal.  As  far  as  possible,  drop  bottom  cars  will  be  furnished  for 
the  handling  of  storage  coal. 

• '  Immediately  after  heavy  rains,  it  is  desirable  not  to  pile  fresh  coal  on 
the  stored  coal  imtil  the  moisture  has  had  a  chance  to  evaporate.  Care  should 
be  taken  to  reject  cars  containing  an  unusual  amount  of  slack,  and  such  cars 
should  be  switched  and  sent  to  fuel  chutes  for  immediate  consumption,  so  that 
coarse  coal  is  stored  as  far  as  possible. 

1  *  The  reloading  track  which  remains  on  the  ground  should  not  be 
covered  more  than  three  or  four  feet  above  the  rails.  For  the  purpose  of 
observing  any  rising  temperature,  flues  or  old  pipes  should  be  driven  in  the 
storage  pile  every  300  feet  so  that  a  thermometer  can  be  suspended  therein 
to  note  any  rise  in  temperature." 

The  Central  of  Georgia  Kail  way*  stores  31,500  tons  of  Alabama  coal  four 
inches  and  under  in  size,  without  separating  it  into  sizes  or  taking  out  the  fine 
coal,  about  five  days  after  it  is  mined  and  keeps  it  in  storage  six  months.  To  in- 
sure a  regular  supply  and  for  winter  use,  coal  is  stored  in  July,  August,  and 
September,  because  the  railroad  business  is  dull  and  necessary  equipment  is  avail- 
able for  storage;  also  the  price  of  coal  is  usually  lower. 

It  is  placed  on  the  ground  in  continuous,  long,  narrow  piles  limited  to  fifteen 
feet  in  height  and  is  reclaimed  with  a  locomotive  crane  at  an  expense  of  2.58 
cents  per  ton  for  storing,  and  2.09  cents  per  ton  for  reclaiming,  including  labor 
and  supplies.  Eental  of  tracks,  depreciation,  interest,  and  insurance  are  not  in- 
cluded in  these  amounts.  Coal  is  thought  to  decrease  in  heating  value  not  more 
than  five  per  cent.  There  was  no  loss  from  breakage  and  no  heating.  Sixty 
thousand  tons  stored  for  six  months  burned  very  well. 

The  Louisville  &  Nashville  Eailroadt  has  forty-six  coaling  stations  and  at 
some  of  them  coal  is  stored  in  amounts  varying  from  50  to  25,000  tons  on  the 
ground  or  more  generally  on  a  timber  floor.  It  is  placed  in  small  bins  by  hand 
or  in  large  bins  by  gravity  from  a  trestle  or  by  a  locomotive  crane  from  cars.     A 

;lar  system  is  also  used.    It  is  reclaimed  by  locomotive  crane  or  by  hand. 

The  height  of  the  pile  depends  upon  the  coal  used,  being  limited  in  some 
cases  to  twelve  feet  and  in  others  reaching  to  more  than  twenty  feet  without 
heating.  In  case  of  heating,  the  coal  is  removed  or  sprinkled  with  water.  Coal  is 
kept  in  storage  indefinitely  and  is  stored  during  the  summer  to  take  advantage  of 
the  low  price,  to  relieve  car  service  in  winter,  and  to  insure  supply.  Sizes  are  not 
*,  separate  and  fine  coal  is  not  removed.  The  heating  value  is  thought  to  de- 
ise  and  the  extent  to  which  coal  will  heat  depends  upon  the  height  of  the 
pile  and  the  condition  of  the  coal  when  received. 

The  Baltimore  &  Ohio  Eailroadt  is  using  industrial  tracks,  which  are  elevated 

or  are  raised  on  cribs,  to  store  on  the  ground  run  of  mine  coal  from  Somerset, 

ivania.    In  this  way  cars  are  released  promptly.    The  coal  is  reclaimed  with 

I   locomotive  crane  and  there  is  only  a  slight  loss  in  heating  value  and  a  slight 

breakage  lo 


*  A.  P.   '■  r   of  Tests. 

t  Engineering  Record,   1914-15,   Engineering  News,   1914-15. 

t  W.  H.  Averell,  General  Manager. 
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The  Chicago  &  Northwestern  Railroad*  stores  from  12,000  to  40,000  tons  of 
coal  from  Macoupin  County,  Illinois,  generally  storing  the  six-inch  lump,  and  using 
the  fine  coal  at  once.  Run  of  mine  has  also  been  stored.  Continuous  piles  not 
over  twelve  feet  high  are  used  with  tubes  placed  for  temperature  observations  and 
the  piles  are  very  closely  watched.  This  method  has  been  tried  for  four  years  and 
if  deterioration  occurs  it  is  mostly  during  the  first  few  months  and  not  after  one 
year. 

The  Southern  Railway  Systemt  stores  about  10,000  tons  of  Illinois  and 
Kt  iitucky  screened  coal  at  Danville,  Kentucky,  18,000  tons  at  Huntington,  Indiana, 
and  also  from  60,000  to  1S0,000  tons  of  coals  from  Middlesboro,  Kentucky,  and 
southwest  Virginia.  These  are  stored  within  two  to  twenty  days  after  being 
mined  and  are  kept  in  storage  from  four  to  eight  months.  The  coal  is  stored  on 
the  ground  in  continuous  piles  from  ten  to  fourteen  feet  high.  The  slack  is  not 
removed  and  the  sizes  are  not  kept  separate.  There  is  thought  to  be  a  ten  per  cent 
decrease  in  heating  value  and  a  breakage  loss  of  fifteen  per  cent.  The  coal  some- 
times heats  but  it  has  never  fired.  The  piles  are  limited  to  a  height  of  fourteen 
feet.  If  heating  occurs,  the  coal  is  picked  up  and  used  immediately,  or  is  spread 
out  and  allowed  to  cool.  Goodwin  says:  tl  Theoretically,  there  is  little  decrease  in 
heating  value,  but  praetically,  on  account  of  the  slack  \  we  do  not  get 

same  results  from  stored  coal  as  from  fresh." 

The  Michigan  Central  Railroad!  had  in  Btorag  My,  Indiana,  during  the 

summer  of  1917,  35,000  tons  of  1%-ineh  lump  and  run  of  mine  coal  from  V. 
Clinton,  Indiana,  and  from  Harrisburg  and  Freeburg,  Illinois.     The  sizes  were  not 
kept  separate  and  the  slack  was  not  removed.     The  coal  was  stored  from  fiv. 
fifteen  days  after  being  mined.     It  was  placed  on  the  ground  by  hand  or  by  clam- 
shell buckets  in  long  piles  eighteen  feet  deep.     This  coal  had  been  in  storage  for 
four  or  five  months  when  it  took  fire,  although  at  other  times  coal  had  been  kept 
from  eight  to  eighteen  months  without  firing.     Where  the  fire  start' 
not  more  than  twelve  feet  high.     At  the  point  of  tiring  there  was  found  to  be  a 
quantity  of  very  dry  fine  slack.     The  moisture  had  evidently  been  dried  out  bj 
heat  from  below,  ainee  the  coal  above  this  spot   was  damp  and  this  dampness  evi- 
dently came  from  the  moisture  being  driven  from  the  COtJ  below.     Where  the 
fired    it    was  lumpy   or  coarse,   ami   i  I    with   very   line   slack.      Apparently 

slack  retained  the  heat  and   did  not   permit    it  to  radiate.  §0  that   the  temperature 
gradually  rose  to  the  ignition  point.    After  the  firee  bad  been  dug  out  the  remaining 

ooal  eooled  and  since  then  ao  tire-  or  extreme  heal  ban 

The  Chicago,  Lake  SI,  1   Rail*       '  Hit  3,000  tons  of 

CO*]  from  Clinton,  Indiana.  OO  the  ground   in  OOntinUOUl  piles  about   fourteen 

high.    The  Buee  are  kept  separate  in  si  and  slack  is  removed.     I  J  if 

sd  two  i  ftar  being  mined  and.  if  possible,  is  placed  in  li 

the  firm  of  September  and  tl  atorable 


•W.   K.   Dunham,   Suporrioor  of  M 
t  c    <;    Qood*  in  at 

I  J.  0    Do  .  --i  •  :  •      Ooal  li 
I  \v  Superintend*!  I 
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weather  conditions  during  that  period.  It  is  kept  in  storage  about  one  year.  There 
is  a  slight  decrease  in  heating  value  and  heating  is  likely  to  occur  in  from  one  to 
months.  In  case  of  heating,  the  coal  is  removed  at  once.  To  avoid  heating,  the 
piles  are  kept  small  and  low  in  height.  The  coal  is  handled  by  means  of  a  locomo- 
tive crane  at  a  cost  of  twelve  cents  per  ton  for  storing  and  reclaiming. 

Chicago,  Burlington  &  Quincy  Eailroad*  had  in  storage  October  1,  1917, 
562,000  tons  of  coal,  which  were  stored  between  April  and  September.  This  coal 
was  intended  for  use  in  November  and  December.  The  experience  of  the  Burling- 
ton as  given  by  Crawford  is  summarized  as  follows: 

At  Havelock,  Nebraska,  there  were  stored  8,000  tons  of  coal  from  the  Virden, 
Illinois,  district  in  long  piles  from  twelve  to  fifteen  feet  high  and  forty-two  feet 
wide.  The  coal  was  stored  early  in  June  and  about  July  30  was  reported  to  be 
heating  throughout.  Although  the  company  began  to  load  out  the  coal  at  once, 
heating  continued  to  spread  rapidly  and  on  August  16  a  pipe  was  laid  to  the  pile 
which  was  spread  out  so  that  the  coal  was  only  from  three  to  five  feet  thick  and 
water  was  put  on  it  day  and  night;  consequently  it  is  stated  that  only  five  per 
cent  of  the  coal  was  lost.  In  other  piles  at  Galesburg  and  Savanna,  Illinois, 
there  was  similar  trouble  from  firing. 

At  Clyde,  Illinois,  southern  Illinois  screenings  were  stored  and  where  fires 
occurred,  Crawford  attributes  them  to  excessive  depth  of  piles.  The  general  policy 
of  the  Burlington  is  to  store  from  April  to  September,  and  where  two  coals  from 
different  districts  are  stored  at  the  same  point,  to  keep  the  different  coals  in  sepa- 
rate piles.  Egg  and  lump  coals  are  not  separated,  but  where  the  storage  coal  is 
to  be  handled  with  a  clam-shell  directly  upon  an  engine,  it  is  advisable  to  store 
only  egg  coal.  Coal  should  be  stored  in  as  dry  weather  as  possible.  Superinten- 
dents are  advised  to  store  coal  on  ground  reasonably  level  and  as  high  as  possible 
from  which  rubbish  has  been  removed,  and  not  over  steam  lines. 

Crawford  states: 

' '  I  think  every  one  should  figure  that  there  is  going  to  be  heating  in 
storage  coal  and  should  provide  full  means  for  dissipating  that  heat.  The 
only  way  I  know  of  to  stop  this  heating  in  coal  storage  is  to  store  the  coal  low 
enough,  and  be  careful  to  store  lump  and  egg  coals  so  that  there  will  be 
reasonably  free  circulation. 

"It  is  impracticable  for  a  railroad  to  allow  coal  to  season  in  a  car,  and  a 
better  way  to  let  it  season  is  to  store  it  in  long  piles,  building  it  up  gradually. 
Here,  however,  we  come  to  the  point  of  the  advisability  of  putting  freshly 
mined  coal  upon  a  pile  of  coal  already  stored  which  has  been  subjected  to  the 
rays  of  the  sun  when  the  temperature  is  around  100  degrees.  In  other  words, 
I  think  the  fresh  coal  will  pick  up  more  heat  from  a  pile  of  storage  coal  than 
it  would  from  the  ground. 

"I  am  satisfied  that  by  carefully  inspecting  the  Belleville  district  coal 

ng  into  the  North  St.  Louis  pile  which  is  seventeen  feet  high  that  we 

saved  a  fire  at  this  point.    The  mines  started  to  ship  us  mine  run  billed  lump 

and   fortunately  we  discovered  this  in  time  and  placed  an  inspector  in  the 

district. ' ' 


*  J.  fj.  Crawford,  Fuel  Engineer. 
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The  Missouri,  Kansas  &  Texas  Railroad*  stores  Illinois  2-inch  lump  coal  from 
the  Belleville  district,  coal  from  the  Pittsburgh  district.   Kansas,  with  t\\> 
per  cent  of  the  slack  removed,  called  modified  lump,  mine  run  coal  from  tin-  lle- 
Alester  district,  Oklahoma,  and  also  coal  from  Thurber,  Texas.     The  coal  ii  kept 
in  storage  from  six  months  to  one  year.     Different  varieties  and   different   - 
are  piled  separately.     It  has  been  found,  that  coal  from  the  HeAlestaf  district, 
Oklahoma,   will  fire  when   mixed   with   coal   from  the  Lehigh   district,   Oklahoma. 
The  slack  is  removed  except  where  Oklahoma  mine  run  is  stored.     As  much  time 
as  possible  is  recommended  between  the  mining  and  storing,  and   March.  April. 
May,  and  September  are  considered  the  best  months  in  which  to  store.     Then 
thought  to  be  a  slight  loss  in  heating  value  and  a  Blight  breakage  loss.     Hibben 
summarizes  his  practice  as  follows: 

"Heating  depends  upon  the  manner  in  which  the  eoal  is  stored  and  the 
kinds  of  coal.  It  is  not  wise  to  store  fine  coal  and  lump  should  be  used,  if 
possible.  Do  not  pile  over  fifteen  feet  high.  The  cost  of  storing  with  clam 
shell  buckets  has  been  2>xfe  cents  per  ton  which  includes  the  cost  of  con- 
struction of  new  track  when  i  .  the  salary  of  the  operator  and  other 
necessary  employees  to  remove  the  coal  left  in  the  car.  The  estimated  cost 
for  reclaiming  is  the  same. ' ' 

C.  M.  Butler,  of  the  Atlantic  Coast  Line,  said  at  the  1917  meeting  of  the 
Railway  Fuel  Association: 

"There  will  be  a  week  or  ten  days  when  from  certain  coal  supplies 
do  not  receive  a  single  car.     That   is  not  due  to  the  fact  that  the  mince  have 
not  1-e. mi  shipping  it,  but  it  is  due  to  the  fact  that  railroad  OOmpaniei  handling 
the  coal  from  the  mines  to  us  have  been  unable  to  get  it  to  us.     Then  then 
another  week  when  we  will  get  three  times  as  much  coal  as  we  need.     The  result 
is  that  we  have  a  surplus  of  coal  loaded  in  cars,  and  in  order  to  help  the 
situation  we  have  made  some  arrangements  to  release  that  coal  regardless  of 
consumption.     We  have  made  places  all  over  our  line  to  store  oal,  and  to 
store  coal  this  week  and  use  it  next  and  restore  it  in  the  same  place  and  pick 
it  up,  simply  to  release  the  cars.     I  feel  sure  that  our  own  little  supply  has 
been  very  much  helped  by  our  prompt  handling  of  the  cars;    not  only   from 
the  fact  that  we  have  put  those  can  bark  to  the  mines  to  be  reloaded,  but 
have  created  a  feeling  at  the  mines  where  our  coal   is  loaded   that   l 
allotted  to  us  will  receive  prompt  attention  and  the  car-  will   not   be  held  in 
definitely. ' ' 

The  Atlantic  Coast  Line  keeps  Virginia  and  West  Virginia  run  of  mine,  high 
\oiatilc  eoala  in  storage  for  sis  months  without   separating  the  i  1  with- 

out  removing   the   slack,   there   being   from    lift;.  *y    per   cent    slack   below   % 

inches  in  the  eoal  when  stored.    Borne  of  the  piles  are  continuous  and  some 

partitioned   into  sections.      The  eOSJ    is  Stored   in    An.  the 

heavy    fall    traffic,    and    is    placed    in    semicircular    piles,    twenty  .igh,    by 

means  of  B   locomotive  crane  which  tak>  DSJ    frOSB   a   pit.      U   Stored   in  a 

place  or  m  a  high  pile,  the  eoal  heats  t<  L    Ae  expenditure 


*  H.   K.   Hibt>cn,   Assistant   Fuel   Ag*nt. 
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for  labor,  operation,  repairs,  and  maintenance  varies  from  four  to  five  cents  per 
ton,  depending  upon  the  appliances  used. 

The  Grand  Trunk  Pacific  Bailroad*  stored  150,000  tons  of  Ohio  and  Pittsburgh 
No.  B  coal  over  %  inches  in  size  and  40,000  tons  of  Jasper  Park  Alberta  mine  run 
1  containing  70  per  cent  below  %  inches  on  the  ground  in  continuous  piles 
twentv-four  feet  high  by  laying  a  track  on  top  of  the  pile  as  it  is  gradually  built  up. 
It  is  reclaimed  by  hand,  by  a  clam-shell  bucket,  and  occasionally  also  by  a  ditcher. 
It  is  stored  during  the  dry  months  when  the  coal  is  available  and  usually  about 
three  weeks  after  mining.  It  has  been  in  storage  from  one  to  five  years  with  little 
firing,  no  appreciable  deterioration  in  heating  value,  and  little  degradation,  but 
this  is  stored  in  a  cold  climate.  The  expenditure  for  labor  and  supplies  is  eight 
cents  per  ton  for  stocking,  and  6.2  cents  for  reclaiming. 

The  accompanying  illustrations  (Figs.  62  and  63)  show  a  coal  pile  stored  by 
the  C.  C.  C.  &  St.  L.  B.  B.,  near  Hillary,  Illinois,  west  of  Danville.  About  30,- 
000  tons  of  run  of  mine,  No.  7  coal  were  stored,  in  from  one  to  three  days  after 
being  mined,  in  two  piles  and  to  a  depth  of  from  fifteen  to  twenty  feet  by  means 
of  tracks  on  top  of  the  piles.  (See  also  Figs.  6  and  7  on  page  45).  No  attempt  was 
made  to  remove  the  fine  coal.  Most  of  the  fine  coal  fell  on  the  north  side  of  the 
pile  and  the  lump  on  the  south  side.  In  the  east  pile  pipes  were  placed  and  tempera- 
ture readings  taken  daily  at  points,  5,  10,  15,  and  20  feet  from  the  top.  The  log  of 
these  readings  as  given  by  P.  T.  White,  Superintendent  of  the  C.  C.  C.  &  St.  L. 
B.  R.,  is  presented  as  Table  7.  A  temperature  of  170  degrees  was  recorded  shortly 
before  the  fire  broke  out  in  the  pile,  the  highest  temperature  being  recorded 
usually  five  feet  below  the  top  of  the  pile.  Fire  broke  out  after  several  days  of 
intensely  hot  weather,  which  were  followed  by  heavy  thunder  storm  and  then  by 
more  days  of  hot  humid  weather.  The  starting  of  the  fire  in  the  west  pile  is  shown 
in  Fig.  62  and  the  same  fire  a  few  days  afterwards  is  shown  in  Fig.  63. 

The  appearance  of  the  pile  at  one  point  after  the  burning  coal  had  been 

loaded  out  is  shown  in  Fig.  63,  which  shows  that  there  was  a  large  amount  of 

j  fine  coal.    As  the  hot  and  steaming  coal  was  loaded  out,  it  was  quenched  with 

water  and  used  immediately.    P.  T.  White,  Superintendent  of  the  Big  Four,  says: 

' '  One  place  where  the  storage  pile  was  burning  we  smothered  with  dirt 
and  two  days  later  on  opening  this  place  up  with  the  steam  shovel,  we 
found  the  coal  at  an  intense  white  heat,  fire  extending  for  about  six  feet  into 
the  pile.  I  am  inclined  to  believe  that  our  trouble  this  year  is  due  to  the 
great  quantities  of  impurities  and  slack  in  the  coal  and  to  the  peculiar  weather 
conditions  that  prevailed  just  previous  to  the  fire.  I  am  of  the  opinion  that 
successful  storing  of  coal  demands  that  coal  be  reasonably  free  from  impurities 
and  slack." 

Tl.  I  .  &  St.  L.  B.  B.  also  had  fire  in  coal  at  Beech  Grove,  Springfield, 

and  Bellefontaine,  Ohio,  and  Mattoon,  Illinois,  stored  similarly  to  that  at  Hillary. 


*  T.  Duff  Smith.  Fuel  Agent. 


FlG.  <5l\     Coal  I'ilk  ok  thk  C.  C.  C.  and  St.  L.  K.   \i.  nkar  Hillary,  Illinois 
This  PILE  CONTAINED  ABO  '   ions  of  no.  7  Run  ok  Mink.  Coal 

WHICH    K1KED    IN    T  1  i  .■  |  KR    OK    L917 


Fig.  6.5.     Another  View  of  the  Burning  Coal  Pile  of  the  C.  C.  C.  and  St.  L. 
R.  R.  near  Hillary,  Illinois,  in  the  summer  of  1917 
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FUEL  ECONOMY  IN  THE  OPERATION  OF  HAND  FEBED 

POWER  PLANTS 


I.     Introduction- 

1.  Purpose. — The  need  for  greater  economy  in  the  use  of  coal 
is  too  apparent,  under  present  conditions,  to  need  emphasis.  The 
demand  for  coal  is  unprecedented,  and  production  is  proceeding  at  a 
rate  which  is  barely,  or  perhaps  not  quite,  keeping  pace  with  the 
demand.  The  U.  S.  Geological  Survey  reports  that,  during  1917,  ap- 
proximately 545,000,000  tons  of  bituminous  coal  were  produce.  1  and 
used  in  the  United  States.  The  demand,  moreover,  is  increasing  at 
the  rate  of  about  ten  per  cent  per  year,  so  that  at  present  the  rate  of 
consumption  is  about  600,000,000  tons  per  year.  Illinois  prodi. 
about  12i/2  per  cent  of  this  amount,  or  78,000,000  tons.* 

Approximately  45,000,000  tons  of  bituminous  coal  are  used  with- 
in the  state  of  Illinois,  and  of  this  amount  about  6,000,000  tons  are 
consumed  in  hand  fired  power  plants.  It  is  believed  to  be  within  the 
limits  of  practical  attainment  to  effect  a  saving  of  from  12  to  1")  per 
cent  of  this  fuel.  Expressed  in  tons  and  dollars,  such  a  saving  amounts 
to  750,000  tons,  or  $3,500,000.  The  possible  Baying  in  the  case  of  many 
individual  plants  is  much  greater  than  the  percentage  stated. 

It  is  the  purpose  of  this  circular  to  present  to  owners,  manage 
superintendents,  engineers,  and  firemen  of  hand  fired  power  plants 
certain  suggestions  which,  it  is  believed,  will  help  them  in  effecting 
greater  fuel  economy  in  the  operation  of  their  plants,  and  in  deft 
mining  the  properties  and  characteristics  of  the  coal  purchased.    1 
tures  of  installation  essentia]  to  the  proper  combustion  of  fuel  are  dis- 
cussed and  their  importance  emphasized;  the  practice  to  be  observed 
in  the  operation  of  the  plant  is  outlined;  and  the  employment  of  sim- 
ple devices  for  indicating  conditions  of  operation  is  prescribed 

Special  attention  is  called  to  the  fact  that,  to  secure  th< 
degree  of  success,  cooperation  between  owners  and  managers,  and  • 
mm  who  fire  the  coal   is  essential.     Mechanical  de> 


•  It  O  I    thai    Dili       I   will   prodaM   BON   thun   85,000.000   toni  of  co»l   in 
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efficiency  in  the  use  of  coal  cannot  produce  satisfactory  results  un- 
less the  firemen  who  handle  them  are  impressed  with  the  importance 
of  their  duties.  While  the  suggestions  presented  apply  particularly 
to  hand  fired  plants  and  no  attempt  is  made  to  define  practice  for 
stoker  fired  plants,  many  of  the  factors  affecting  fuel  economy  are 
common  to  all  power  plants,  and  for  this  reason  much  of  the  informa- 
tion contained  herein  will,  no  doubt,  be  helpful  to  those  interested  in 
more  economical  operation  of  stoker  fired  power  plants. 

To  the  experienced  engineer  much  that  is  presented  here  will  seem 
elementary  and  inadequate.  If,  however,  the  plant  owner  who  is 
not  familiar  with  the  extreme  refinements  of  practice  may  obtain  here 
the  facts  which  will  enable  him  to  improve  his  results  to  the  extent  of 
the  modest  saving  suggested,  the  purpose  of  the  publication  will  have 
been  fulfilled. 

2.  Authorship. — The  information  contained  in  this  circular  has 
been  compiled  under  the  direction  of  a  committee  consisting  of  A.  C. 
Willard,  Professor  of  Heating  and  Ventilation  (Chairman),  H.  H. 
Stoek,  Professor  of  Mining  Engineering,  0.  A.  Leutwiler,  Profes- 
sor of  Machine  Design,  C.  S.  Sale,  Assistant  Professor  of  Civil  Engi- 
neering and  Assistant  to  the  Director  of  the  Engineering  Experiment 
Station,  and  A.  P.  Kratz,  Research  Associate  in  Mechanical  Engi- 
neering. 

This  committee  has  had  the  assistance  of  an  advisory  committee 
consisting  of  Joseph  Harrington,  Advisory  Engineer  on  Power  Plant 
Design  and  Operation,  Chicago,  Arthur  L.  Rice,  Editor,  Power  Plant 
Engineering,  Chicago,  John  C.  White,  Chairman,  Educational  Com- 
mittee, National  Association  of  Stationary  Engineers,  Madison,  Wis., 
0.  P.  Hood,  Chief  Mechanical  Engineer,  Bureau  of  Mines,  Washing- 
ton, D.  C,  D.  M.  Myers,  Advisory  Engineer  on  Fuel  Conservation, 
United  States  Fuel  Administration,  Washington,  D.  C,  and  C.  R. 
Richards,  Dean  of  the  College  of  Engineering  and  Director  of  the 
Kn  Sneering  Experiment  Station  of  the  University  of  Illinois.  Each 
member  of  this  Advisory  Committee  personally  reviewed  the  original 
manuscript  and  a  meeting  was  held  at  Urbana  on  March  21,  1918,  at 
which  the  work  was  examined  in  detail.  The  authors  gratefully  ac- 
knowledge  the  valuable  assistance  and  cooperation  of  the  members 
of  this  committee  and  feel  that  the  value  of  the  publication  has  been 
greatly  enhanced  as  a  result  of  their  efforts. 
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II.    Fuels  Available  fob  Poweb  Plant  Use  in  the  Middle  West 

3.    Kinds  of  Fuel. — The  varieties  of  fuel   used  by  hand  fired 

power  plants  in  Illinois  an •: 

Central  bituminous  coals  as  represented  by  those  from  the  coal 

fields  of  Illinois,  western  Kentucky,  and  Indiana. 
Eastern  bituminous  and  semi-bituminous,  or  Boft  coals,  from  the 
Pennsylvania,  West  Virginia,  and  eastern  Kentucky  fields. 

A  classification  of  solid  fuels  available  for  tins  purpose  will,  of 
course,  include  anthracite  and  coke  but  oone  of  these  is  used  to  any 
considerable  extent  for  power  purposes  in  Illinois.  The  Liquid  fuel, 
petroleum,  is  produced  in  large  quantities  in  Illinois  but  is  not  used 
directly  for  fuel  purposes  to  any  great  extent. 

All  these  coals  are  composed  of  the  following  materials  in  varying 
proportions : 

(1)  Solid  or  fixed  carbon  which  burns  with  a  glow  and  without 
flame. 

(2)  Gases  or  volatile  materials  which  escape  from  the  coal  when 
it  is  heated  and  which  burn  with  a  flame. 

(3)  Gases  or  volatile  matter  and  water  which  escape  from  the 

coal  when   it   is  heated  and  which  do  not   burn. 

(4)  Ash   or   mineral    matter   which    does    not    burn    and    which 
remains  as  ashes  after  the  coal  is  burned. 

The  relative  proportions  of  these  materials   in   different   coals 

determine  their  value1  for  particular  purposes.*    Fuels  having  a  lai 

amount    of   fixed    carbon    and    a    relatively    small    amount    of    volatile 

matter  burn  with  a  short  flame  and  the  whole  process  of  combustion 

takes   place  at    or   near  the  BUrfaCC   of   the    fuel    bed.      Such    fuels   can 
be  burned  without  developing  visible  smoke,     (hi  the  other  hand  COalfl 
Containing  a   relatively   large  amount   of  volatile  matter  and   a   lower 
proportion  Of  fixed  carbon  burn  with  a  longer  flame  and  tend  to  pro 
diice  more  visible  smoke  than  the  high  Carbon  coals  because  the  volume 

of  c  mbustible  gases  distilled  from  them  is  greater. 

The  bituminous  COalfl  Of  the  central   field    i  Illinois  type     contain 


•'I'll.'   'fm!   ratio."   which   is  tin-  quotient  obtaii 
Tolatilf    i  often    used    M    ■    memna   of   dassif.  tiiimnom    coalt    it 

aniwers   fairly   will. 
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from  40  to  55  per  cent  of  fixed  carbon,  10  to  25  per  cent  of  com- 
bustible gas,  5  to  15  per  cent  of  non-combnstible  gas,  8  to  15  per  cent 
of  moisture,  and  8  to  15  per  cent  of  ash.  When  improperly  fired  or 
burned  in  furnaces  not  adapted  to  their  use,  central  bituminous  coals 
give  off  so  large  an  amount  of  sooty  material  that  flues  are  often 
quickly  clogged.  These  unconsumed  volatile  products  also  represent 
a  direct  loss  of  heat  value.  Coals  of  the  Illinois  type  ignite  easily 
and  burn  freely. 

Because  the  amount  of  solid  carbon  in  most  Illinois  coal  is  lower 
and  the  percentage  of  ash  and  moisture  higher  its  heating  value  is 
usually  less  than  that  of  most  eastern  bituminous  coals,  but  the  cost 
is  usually  so  much  less  that  it  is  more  economical  to  use  local  coals. 
At  this  time  (March,  1918)  the  transportation  of  fuel  over  long  dis- 
tances is  not  only  undesirable,  but  it  is  practically  impossible,  and 
bituminous  coals  of  the  central  field  constitute  the  only  fuel  available 
in  quantities  for  use  in  Illinois. 

The  moisture  and  non-combustible  gases  present  in  all  coals  are 
detected  only  by  chemical  analysis.  They  not  only  do  not  produce 
heat,  but  represent  a  definite  loss  because  they  absorb  and  carry  off 
heat  which  would  otherwise  be  available  for  useful  purposes.  The 
term  moisture  in  coal  does  not  mean  the  water  adhering  to  the  sur- 
face of  the  lumps,  but  that  contained  within  the  pores  of  the  coal.  A 
coal  containing  a  high  percentage  of  moisture  by  analysis  may  appear 
perfectly  dry. 

The  ash  content  of  different  coals  varies  greatly.  Ash  is  non- 
combustible  mineral  matter  which  not  only  has  no  heating  value  and, 
therefore,  represents  a  portion  of' the  coal  from  which  no  return  is 
received,  but  it  may  hinder  the  free  burning  of  the  combustible  com- 
ponents of  the  coal.  If  the  ash  contains  certain  mineral  substances, 
it  may  by  clinkering  greatly  interfere  with  the  process  of  firing  and 
with  the  cleaning  of  grates.  The  ash  normally  is  removed  through 
the  ashpit  into  which  often  passes  also  a  certain  amount  of  unburned 
!.  For  this  reason  the  amount  of  ashes  removed  from  the  pit  usu- 
ally represents  a  larger  percentage  of  the  fuel  fired  than  the  analysis 
of  the  ash  content  indicates.  It  should  be  clearly  understood  that 
ash  will  not  burn  and  that  no  treatment  with  chemicals,  or  "secret 
Prfi  wiH  cause  it  to  burn.    Likewise,  it  is  not  possible  to  increase 

the  heat  value  of  coal  by  treating  it  chemically  or  by  adding  a  nostrum 
to  it. 
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The  ash  in  coal  may  be  divided  into  two  classes ;  first,  that  which 
is  a  definite  part  of  the  composition  of  the  coal  and  which  cannot  be 
separated  from  the  coal  by  hand  or  by  mechanical  process,  and, 
ondly,  that  which  is  due  to  rock,  slate,  and  shale  which  become  mixed 
with  the  coal  in  mining  and  which  can  in  a  large  measure  be  separated 
from  the  coal  either  in  the  mine  or  in  the  tipple. 

Bituminous  coal  may  be  either  of  the  coking  or  the  non-coking 
variety.  Coals  vary  widely  with  reference  to  their  coking  properties. 
A  true  coking  coal  when  fired  swells,  becomes  pasty  and  fuses  into  a 
mass  of  more  or  less  porous  coke.  Such  coke  will  burn  without  flame 
and  will  hold  fire  for  a  considerable  period.  This  fusing  or  coking 
takes  place  without  respect  to  the  size  of  the  piece  of  coal.  A  non- 
coking  coal  does  not  swell  and  become  pasty  but  burns  away  gradu- 
ally to  ash,  the  pieces  becoming  gradually  smaller  and  smaller.  There 
is  a  gradual  gradation  from  true  coking  to  true  non-coking  coals  and 
many  coals  cannot  be  distinctly  placed  in  either  class.  Coal  which 
will  not  coke  on  a  furnace  grate  may,  however,  give  good  coke  in  by- 
product coke  ovens,  particularly  when  mixed  with  other  more  easily 
coking  coals.    This  is  the  case  with  many  Illinois  coals. 

The  eastern  bituminous  coals  contain  from  5  to  10  per  cent  of 
ash,  from  25  to  35  per  cent  of  combustible  gases,  from  li  to  5  per  cent 
of  moisture  and  non-combustible  gases,  and  from  55  to  G5  per  cent  of 
solid  carbon.  They  are  more  generally  of  the  coking  variety  than  are 
the  Middle  West  coals.  In  general,  they  are  higher  in  heating  value 
and  lower  in  ash.  They  are  more  friable  and  are  not  so  well  rail 
for  transportation  and  repeated  handling  as  are  many  of  the  central 
bituminous  coals. 

4.    Properties  of  the  Central  Bitw  i  Coals.    ('<>als  used  in 

Illinois   power   plants   come    mainly    from    the    Illinois.    Indiana    and 

western  Kentucky  fields.    The  properties  of  these  © 

l>y  analyses  of  samples  from  different  Localities  are  gives  in  Table  i. 

The  average  analyses  of  the  important  Qlinois  coals  have  been 
determined  with  great  care.  The  averages  for  Kentucky  were  obtained 
by  average  analyses  of  composite  samples  from  Beveral  mines,    .v. 

age  analyses  are  not  available  for  Indiana  coals  and  instead  anal;. 
are  given  of  sample>  from  three  important  Indiana  COal  COUnt 
namely,  Clay,  (Jreen  and  Sullivan  count; 
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Table  1 

Analyses  of  Coals  of  Illinois,  Indiana,  and  Western  Kentucky 
(Figures  are  for  face  samples  and  for  coal  "as  received")! 


District 


Coal 
Bed 

Moisture 

Volatile 
Matter 

Fixed 
Carbon 

Ash 

B.  t.  u. 
(Heating 

Value) 


Illinois  (Average  Analyses) 


-  Jle 

Murphysboro 

Rock  Island  and  Mercer  Counties 

Springfield-Peoria 

Saline  County 

Franklin  and  Williamson  Counties 

Southwestern  Illinois 

Danville:  Grape  Creek  coal 

Danville:  Danville  coal 


2 

16.18 

38.83 

37.89 

7.08 

9 

9.28 

33.98 

51.02 

5.72 

1 

13.46 

38.16 

39.75 

8.63 

5 

15.10 

36.79 

37.59 

10.53 

5 

6.75 

35.49 

48.72 

9.04 

6 

9.21 

34.00 

48.08 

8.71 

6 

12.56 

38.05 

39.06 

10.33 

6 

14.45 

35.88 

40.33 

9.34 

7 

12.99 

38.29 

38.75 

9.98 

10,981 
12,488 
11,036 
10,514 
12,276 
11,825 
10,847 
10,919 
11,143 


Indiana  (Typical  Analyses) 


Clay  County . 


Greene  County .  . 
Greene  County .  . 
Sullivan  County 
Sullivan  County 
Sullivan  County 


(  Brazil  ) 
\   block  J 


Brazil 
block 

IV 

V 

IV 

V 

VI 


15.38 

13.53 
10.30 
12.15 
12.14 

14.86 


32.66 

33.54 
36.31 
33.48 
35 .  17 
31.65 


46.08 

45.38 
41.64 
46.23 
43.73 
46.14 


5.88 

7.55 
11.75 
8.14 
8.96 
7.35 


11,680 

11,738 
11,218 
11,722 
11,516 
11,324 


Kentucky  (Average  of  Composite  Samples) 

• 

9 
11 
12 

8.17 
7.33 
9.67 

36.82 
38.28 
34.86 

45.17 
45.28 
46.46 

9.83 
9.11 
9.01 

11,867 
12,056 
11,695 

1 "  A-j  received"  samples  represent  the  coal  as  taken  from  the  mine.     It  is  probable  that  the  values 
given  are  fairly  representative  of  the  coals  as  purchased  from  local  dealers. 


A  study  of  the  values  presented  in  Table  1  reveals  the  following 


facts 


(1)  The  amount  of  ash  in  the  various  coals  as  th'ey  exist  in  the 
mine  varies  within  a  range  of  about  6  per  cent.  With  in- 
adequate preparation  of  the  coal  for  the  market,  however,  the 
range  of  difference  may  be  as  much  as  12  or  15  per  cent. 

(2)  There  is  a  variation  in  the  percentage  values  over  a  range 
of  about  5  per  cent  in  the  volatile  matter  in  the  different  coals. 
an  amount  which  is  negligible  in  view  of  the  proportionately 
greater  variations  in  heating  value  and  in  ash. 
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(3)  The  variation  in  the  amount  of  moisture  present  in  the  dif- 
ferent coals  is  considerable,  but  thifl  variation  is  reflected  to 
some  extent  in  the  B.  t.  u.*  values.  If  two  coals  have,  about 
the  same  amount  of  fixed  carbon,  volatile  matter  and  ash,  the 
coal  having  the  higher  moisture  content  has  the  lower  B.  t.  u. 
value.  Accordingly,  if  the  B.  t.  u.  value  of  a  coal  is  known, 
the  moisture  content  is  not  important.  This  statement  is 
true  as  regards  ash,  except  that  the  ash  represents  a  residue 
to  be  handled. 

With  regard  to  the  B.  t.  u.  values,  the  table  shows  that  there  arc 
important  and  distinguishable  differences  in  the  heating  quality  of 
the  different  coals  found  in  the  three  states,  yet  the  extent  of  dif- 
ference is  not  sufficient  to  justify  extravagant  statements  in  praise  of 
certain  coals  or  in  disparagement  of  others.  On  the  basis  of  heating 
value  alone,  the  difference  between  the  value  of  the  poorest  and  that 
of  the  best  coals,  as  they  are  found  in  the  mine,  amounts  to  about  one- 
fifth  of  the  value  of  the  poorest  coal.f  As  stated  previously,  however, 
the  care  with  which  coal  is  prepared  affects  its  value  as  fuel  (see  sec- 
tion 5  "Preparation,  a  Factor  Affecting  the  Value  of  Coal/'  P-  1-4) • 

The  values  given  cover  the  most  wide-spread  and  most  important 
coal  beds  of  Illinois,  Indiana,  and  western  Kentucky.  It  should  be 
observed  that  the  variations  are  as  great  between  coals  which  come 
from  the  same  bed  in  widely  separated  Localities  as  between  » 
which  come  from  different  beds,  for  instance,  the  No.  6  coal  of  Frank- 
lin and  Williamson  counties  differs  nearly  as  much  from  the  No 
eoal  of  the  Belleville  region  of  southwestern  lllii  -  from 

the  No.  5  eoal  of  Saline  County.  For  Large  areas,  however,  the  char- 
acteristics of  each  bed  are  remarkably  constant  and  variations  in  the 
character  of  the  coal  are  regional  rather  than  Local.  It  is  possible 
therefore,  to  subdivide  the  large  eoal  fields  of  the  three  States  Into 
districts  as  shown  on  the  accompanying  map    Fig.  I  . 

The  subdivisions  of  the  Illinois  field  as  shown  on  this  map  wt 
based  mainly  upon  geological  conditions  and  upon  the  general  sim- 


.  definition  of  B.  t.  a.  .-•  ••  fool  Bote  <>n  page  17. 

t  Compii-h. -iisim-    t.iliN  for    Illinois    ooelfl 

111  ,   entitled    "Pun  I    Illinois    I 

under  Bpecifleal  o         03   S.  W,  Parr,  end  la   Bal    I  «>f  the   uin  Mo- 

tions,   Urbuna,    111,   entitle!      I  of    llln,  onal 

on,    I '     < 
uii  parti  <<f  tliM  1  oitod 
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ilarity  iii  the  methods  of  mining  in  each  district  rather  than  upon  a 
difference  in  the  quality  of  the  coal.  This  fact  should  be  understood 
in  considering  the  analyses  of  coals  from  the  different  districts.  For 
instance,  the  coals  from  the  eastern  part  of  Perry  County  are  very 
similar  to  those  from  Franklin  and  Williamson  counties,  although 
classed  by  the  map  as  being  in  a  different  district.  The  dividing  line 
accepted  by  the  Illinois  Coal  Mining  Investigations  between  District 
6  and  the  southern  part  of  District  7  is  the  Duquoin  anticline,  a  dis- 
tinct geologic  structural  feature  which  has,  however,  not  effected  any 
distinct  change  in  the  character  of  the  coal,  that  just  west  of  and  near 
the  anticline  being  practically  of  the  same  quality  as  that  east  of  the 
anticline  in  the  same  locality. 

The  several  Illinois  coals  do  not  differ  materially  in  appearance 
and  it  is  often  difficult  to  distinguish  one  from  another  without  more 
careful  tests  than  the  ordinary  purchaser  can  make.  The  apparent 
difference  is  frequently  due  to  preparation  rather  than  to  actual  differ- 
ences in  chemical  composition  and  in  heating  quality. 

5.  Preparation,  a  Factor  Affecting  the  Value  of  Coal. — Coal  oc- 
curs in  the  earth  in  beds  or  seams,  and  usually  in  a  solid  mass  as  a  rock. 
In  mining  it  is  blasted  with  powder,  shoveled  into  cars,  and  conveyed 
to  the  surface.  In  the  process  of  mining  and  handling  it  becomes 
broken  up  into  pieces  of  all  sizes.  It  may  have  some  rock  or  dirt  from 
the  floor  and  roof  of  the  mine  mixed  with  it  or  there  may  be  bands 
or  layers  of  earthy  matter  in  the  coal  seam  itself.  Coal  as  it  comes 
from  the  mine  is  therefore  not  usually  in  condition  for  immediate 
delivery  to  the  consumer,  but  ordinarily  must  first  be  "prepared"  in 
order  to  remove  these  impurities  and  to  separate  it  into  the  proper 
sjzes  for  various  purposes  or  markets.  The  impurities  in  the  large  sizes 
of  coal  are  removed  by  picking  them  out  by  hand,  and  in  the  smaller 
sizes  by  treating  the  coal  in  cleaning  machinery.  Separation  into  dif- 
ferent sizes  is  accomplished  by  sending  the  coal  over  screens  having 
holes  of  the  proper  size. 

Table  2  gives  the  customary  sizes  and  the  corresponding  names  of 
central  bituminous  coals  as  they  are  available  in  the  market. 


Pio.   l .     M  . i-  Si  iii    Lo 


FUEL    ECONOMY    IX    HAND    FIRED    POWER    PLANTS 


17 


Table  2 
Sizes  of  Central  Bituminous  Co 


Name 

Size  of  Pieces 

Run  of  Mine 

Mixture  of  all  sizes 

Lump 

Large  lumps  separated  from  the  finer  sizes 

Egg  or  Furnace 

Lumps  3-6  inches 

No.  1     Nut  or  Small  Egg 

2-3  inches 

No.  2     Nut  or  Stove 

1J4-2  inches 

No.  3     Nut  or  Chestnut 

I  l-i  inches 

No.  4     Nut  or  Pea  or  Buckwheat 

H-H  inch 

No.  5     Nut 

Under  ^i  inch 

Screenings 

A  mixture  of  all  sizes  under  2  in 

For  large  power  plants  the  custom  of  purchasing  coal  on  the 
B.  t.  u.*  basis  is  increasing  and  if  the  specifications  for  such  purchase 
are  properly  drawn  and  understood  it  is  the  logical  way  to  buy  coal,  be- 
cause it  is  equivalent  to  buying  so  many  heat  units  instead  of  so  many 
tons  of  coal.  Upon  this  basis  a  purchaser  should  be  able  to  determine 
whether  a  low  priced  coal  which  gives  less  efficient  boiler  service  and 
involves  greater  expense  for  handling  ashes  is  really  cheaper  than  a 
higher  priced  coal. 

With  reference  to  the  selection  of  different  Illinois  coals,  the 
B.  t.  u.  value  and  the  percentage  of  ash  furnish  a  genera]  guide  to  their 
relative  values.  If  two  coals  are  otherwise  alike  in  composition,  the 
ash  content  increases  as  the  B.  t.  u.  value  decreases]  hence  their  rel- 
ative values  may  be  expressed  with  fair  accuracy  by  either  the  B.  t.  n. 
or  the  ash  value  alone,  although  the  evaporative  value  of  any  eoaJ 
drops  off  more  rapidly  than  its  B.  t.  u.  value  when  the  ash  content 
exceeds  10  or  15  per  cent.  A  close  approximation  of  the  perc 
actual  heat  producing  material  in  Illinois  COaJ  may  be  obtained  by 
dividing  the  B.  t.  u.  value  of  the  coal  by  155.  Thus,  a  12,000  B,  t.  u. 
coal  contains  12,000-^155,  or  77  per  cent  of  heat-prodncing  mate- 
rial.    In  order  to  enable  the  small  consumer  to  jndgQ  the  relative  va! 

of  coals  offered  at  different  prices,  the  chart,  Pig,  2,  has  been  prepared 

t.  u.   is  ft  term  made  use  of  by  engineers  to  express  a  certain   amount  of  heat.      It 
is  an   abbreviation   of    "Blitiab   tht-rmttl    unit.'"      Out*    B.    t.    u.    is  the  amount 
to   raise    tin-    temperatun    of    one    pound    of  •    degree    Fal.:  If    a    coal    has    a 

heating  value  of   14,000   B.   t.   u.,   there  is  suftxirnt   heat   in   uno   pound   of   it   to  raise   14,000 
pounds  (if   wuter   one  degree  Fahr<i. 
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to  show  the  theoretical  value  of  coals  of  different  heating  or  B.  t.  u. 
values  at  various  prices  per  ton. 

It  should  be  understood  that  the  purchase  of  coal  on  the  B.  t.  u. 
basis  does  not  insure  a  maximum  evaporative  value  from  the  fuel,  be- 
cause a  high-grade  coal  carelessly  fired  may  give  poorer  results  than 
a  low-grade  coal  carefully  fired.  In  other  words,  the  B.  t.  u.  value 
of  a  coal  is  simply  an  indication  of  what  should  be  obtained  with  care- 
ful firing  and  the  person  who  furnishes  coal  of  a  high  B.  t.  u.  value 
cannot  be  held  responsible  for  poor  results  obtained  from  that  coal 
through  improper  use.  It  should  also  be  remembered  that  while  the 
B.  t.  u.  value  shows  the  chemical  composition,  it  indicates  nothing  with 
regard  to  the  physical  properties  of  the  coal,  and  these  properties  may 
be  equally  as  important  as  the  chemical  properties  in  their  effects  upon 
firing,  storing,  and  transportation. 

6.  Storage  of  Coal. — The  storage  of  a  certain  amount  of  coal  by 
every  power  plant  is  both  desirable  and  essential  in  order  to  insure 
continuous  operation.  Although  there  is  some  misapprehension  with 
regard  to  the  practicability  of  storing  bituminous  coal,  a  study  of  the 
subject  based  upon  the  reported  experience  of  more  than  a  hundred 
firms  and  individuals  indicates  that  the  difficulties  attending  storage 
are  not  serious.*    These  investigations  have  shown  that: 

(1)  It   is   practicable   and   advantageous   to   store   coal,   not   only 

during  war  times,  but  also  under  normal  conditions,  near 
the  point  of  consumption.  The  practice  of  storing  coal  has 
the  advantage  of  (a)  insuring  the  consumer  a  supply  of  coal 
at  all  times,  (b)  permitting  the  railroads  to  utilize  their  cars 
and  equipment  to  the  best  advantage,  and  (c)  permitting 
the  mines  to  operate  at  a  more  nearly  uniform  rate  of  produc- 
tion throughout  the  year.  The  expense  of  storage  may  be 
regarded  as  the  expense  of  insurance  against  shut-downs. 

(2)  Certain   requirements    affecting    the   kinds   and   sizes    of   coal 

must  be  observed  as  follows: 
(a)     Most  varieties  of  bituminous  coal  can  be  stored  successfully 
if  of  proper  size  and  if  free  of  fine  coal  and  dust.    The  coal 
must  be  so  handled  that  dust  and  fine  coal  are  not  produced 


1  For  a  more   Dearly   eomplete  discussion  of  the   problem  of   coal  storage,   see   Bulletin   97 

of   tl  Bering    Experiment    Station,    University    of    Illinois,    entitled    "Effects   of    Storage 

a  the  Properties  of  Coal,"  by  S.  W.  Parr,  and  Circular  6  of  the  Engineering  Experiment 

Btal  entitled    "The  Storage  of  Bituminous  Coal,"   by  H.  H.   Stoek. 
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in  excessive  amounts,  and  allowed  to  remain  during  storage. 
Although  some  coals  can  be  stored  with  greater  safety  than 
others,  the  danger  from  spontaneous  combustion  is  due  more 
to  improper  piling  of  the  coal  than  to  the  kind  of  coal  stored. 
The  danger  of  spontaneous  combustion  can  be  very  greatly 
reduced  if  not  entirely  eliminated  by  storing  only  lump  coal 
from  which  the  dust  and  fine  coal  have  been  removed. 

(b)  Fine  coal  or  slack  has  sometimes  been  stored  successfully  in 
cases  in  which  air  has  been  excluded  from  the  interior  of  the 
pile.  Exclusion  of  air  from  the  interior  of  a  pile  may  be 
acomplished  (a)  by  a  closely  sealed  wall  built  around  the 
pile,  or  (b)  by  very  close  packing  of  the  fine  coal.  A  pile  of 
slack  must  be  carefully  watched  to  detect  evidences  of  heat- 
ing and  means  should  be  provided  for  moving  the  coal 
promptly  if  heat  develops.  The  only  absolutely  safe  way 
to  store  slack  or  fine  coal  is  under  water. 

(c)  Many  varieties  of  mine  run  bituminous  coal  cannot  be  stored 
safely  because  of  the  presence  of  fine  coal  and  dust. 

(d)  Coal  exposed  to  the  air  for  some  time  may  become  "sea- 
soned" and  thus  may  be  less  liable  to  spontaneous  combus- 
tion because  of  the  oxidation  of  the  surfaces  of  the  lumps. 
Experience  covering  this  point,  however,  is  by  no  means  con- 
clusive. 

(e)  It  is  believed  by  many  that  damp  coal  or  coal  stored  on  a 
damp  base  is  peculiarly  liable  to  spontaneous  combustion,  but 
the  evidence  on  this  point  also  is  not  conclusive.  It  is  safest 
not  to  dampen  coal  when  or  after  it  is  placed  in  storage. 

(3)  The  sulphur  contained  in  coal  in  the  form  of  pyrites  is  not  the 

chief  source  of  spontaneous  combustion,  as  was  formerly 
supposed,  but  the  oxidation  of  the  sulphur  in  the  coal  may 
assist  in  breaking  up  the  lumps  and  thus  may  increase  the 
amount  of  fine  coal,  which  is  particularly  liable  to  rapid 
oxidation.  The  opinion  is  wide-spread  that,  if  possible,  it  is 
well  for  storage  purposes  to  choose  a  coal  with  a  low  sulphur 
content. 

(4)  In  piling  coal  for  storage  the  following  conditions  should  be 

observed : 
(a)     To  prevent  spontaneous  combustion,  coal  should  be  so  piled 
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that  air  may  circulate  through  it  freely  and  thus  may  carry 
off  the  heat  due  to  oxidation  of  the  carbon,  or  it  should  be 
so  closely  packed  that  air  cannot  enter  the  pile  and  stimulate 
the  oxidation  of  the  fine  coal. 

(b)  Stratification,  or  segregation  of  fine  and  lump  coal,  should 
be  avoided,  since  an  open  stratum  of  coarse  lumps  of  coal 
may  provide  a  passage  or  flue  for  air  to  enter  and  come  in 
contact  with  the  fine  coal,  and  thus  to  oxidize  it  and  start 
combustion. 

(c)  Coal  can  be  stored  with  greater  safety  in  piles  not  more  than 
six  feet  high  than  in  piles  of  greater  height  since  the  coal 
is  more  fully  exposed  to  the  air  in  low  piles,  the  superficial 
area  of  the  pile  in  relation  to  its  volume  being  greater.  The 
coal  pile  should  preferably  be  divided  by  alleyways  so  as  to 
facilitate  the  rapid  removal  of  the  coal  in  case  of  necessity 
and  so  that  an  entire  pile  may  not  be  endangered  by  a  local 
fire. 

(d)  The  practice  of  ventilating  coal  piles  by  moans  of  pipes  in- 
serted at  intervals  has  not  proved  generally  effective  as  a 
means  of  preventing  spontaneous  combustion  in  storage  piles 
in  the  United  States  and  it  is  not  advised.  Such  practice  is, 
however,  reported  to  have  been  successful  in  certain  parts 
of  Canada. 

(e)  Coals  of  different  varieties  should   not  be  mixed   in  stor- 
age, because  a  single  variety  of  coal   which  has  a  tend 
toward  spontaneous  combustion  may  jeopardize  the  safety 
of  the  entire  pile. 

(f)  Storage  appliances  and  arrangements  should  be  designed 
so  as  to  make  it  possible  to  load  out  the  coal  quickly  it'  q< 
Bary.    Coal  should  positively  not  he  st</n<l  in  large  piles  un- 
less provision  is  m<i<h  for  loading  it  <>ut  qttickly. 

(g)  Pieces  of  wood,  greasy  waste,  or  other  easily  combustible 
materia]  mixed  in  a  coal  pile  may  form  the  starting  point  of 
a  fire,  and  every  precaution  Bhould  he  taken  to  keep  such 
materia]  from  the  coal  as  it  is  being  placed  b 

(h)     It  is  very  important  that  coal   in  storage  should  not 
affected  by  externa]  sources  of  heat  such  mi  pipes.    The 

Susceptibility    Of    COal    to    Spontaneous    romhustion    inn-eases 

rapidly  as  the  temperature  ru 
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(5)  The  effects  of  storage  on  the  value  and  properties  of  coal  may  be 

summarized  as  follows : 

(a)  The  heating  value  of  coal  as  expressed  in  B.  t.  u.  is  decreased 
very  little  by  storage,  but  the  opinion  prevails  that  storage 
coal  burns  less  freely  than  fresh  coal.  Experiments  indicate 
that  much  of  this  apparent  deficiency  may  be  overcome  by 
keeping  a  thin  bed  on  the  grate  and  by  carefully  regulating 
the  draft  to  suit  the  fuel. 

(b)  The  deterioration  of  coal  when  stored  under  water  is  neg- 
ligible, and  such  coal  absorbs  very  little  extra  moisture.  If 
only  part  of  a  coal  pile  is  submerged,  the  part  exposed  to  the 
air  is  still  liable  to  spontaneous  combustion. 

(6)  In  order  to  guard  against  loss  in  the  event  of  fire  in  a  pile  of 

stored  coal  the  following  facts  should  be  understood: 

(a)  The  best  means  of  preventing  loss  in  stored  coal  is  to  inspect 
the  pile  regularly  and  if  the  temperature  in  any  part  of  the 
pile  rises  to  150  degrees  F.  to  prepare  to  remove  the  coal  from 
the  spot  affected.  If  the  temperature  continues  to  rise  and 
reaches  175  degrees  F.,  the  coal  should  be  removed  as 
promptly  as  possible.  Temperature  readings  may  be  taken 
by  lowering  a  thermometer  into  the  interior  of  a  pile  through 
a  pipe  driven  into  it.  The  common  methods  of  testing  for 
fires  in  coal  piles  are : 

(1)  By  watching  for  evidences  of  steaming. 

(2)  By  noting  the  odor  given  off. 

(3)  By  inserting  an  iron  rod  into  the  pile  and  when  drawn 
out  noting  the  temperature  by  applying  the  hand. 

(4)  By  inserting  maximum  temperature  thermometers  into 
pipes  driven  into  the  pile. 

(5)  By  noting  spots  of  melted  snow  on  the  pile. 

(b)  Water  is  an  effective  agent  in  quenching  fires  in  a  coal  pile 
only  if  it  can  be  applied  in  sufficient  quantities  to  extinguish 
the  fire  and  to  cool  the  mass,  but  unless  there  is  an  ample 
supply  for  this  purpose  it  is  dangerous  to  add  any  water  to 
a  coal  pile. 

7.     Storage  Systems. — Since  coal  is  a  comparatively  cheap  and 
bulky  product,  it  must  be  handled  as  economically  as  possible,  and  also, 
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unless  it  is  to  be  u^'d  in  the  form  of  screenings,  in  a  way  to  prodnoi 

minimum  of  breakage. 

The  ordinary  power  plant  is  frequently  limited  in  the  choice  of  a 
storage  system  by  a  lack  of  available  space  and  by  the  fact  thai  ex- 
pense must  be  kept  at  a  minimum,  but  it  should  be  recognized  that 
provision  for  storage  may  be  counted  as  an  insurance  againsl  inter- 
rupted operation.  The  storage  may  be  temporary  or  permanent,  that 
is,  the  coal  may  be  stored  for  use  within  a  comparatively  short  time 
or  it  may  be  stored  with  the  expectation  that  it  will  remain  in  storage 
for  a  considerable  period  to  serve  as  a  reserve  in  case  of  an  emergency, 
the  current  daily  supply  being  used  as  received. 

At  hand  fired  power  plants  coal  is  usually  stored  by  dumping 
or  shoveling  from  a  car  or  cart  upon  a  pile  or  into  a  bin  or  bunker,  or 
merely  by  dumping  upon  the  ground.  From  such  Btorage  piles  coal 
is  shoveled  directly  into  the  furnace  or,  if  the  pile  is  at  some  distance 
from  the  furnace,  carried  by  wheelbarrow  or  conveyor  to  the  furnace. 

Trestle  storage  involves  the  dumping  of  the  coal  directly  apon 
the  ground  or  into  a  bin  from  cars  on  an  elevated  trestle.  Although 
simple  in  construction  and  low  in  first  cost,  trestle  storage  produces 
excessive  breakage  and  unless  drop-bottom  or  dump  cars  are  available 
the  cost  of  unloading  is  high. 

The  cost  of  storing  and  reclaiming  coal  from  storage  by  manual 
labor  varies  from  15  to  G4  cents.* 

WARNING: — Special  emphasis  is  laid  upon  tin  foci  that  safety 
in  the  storage  of  coal  depends  upon  a  turn  careful  and  thorough  c 
sideration  of  and  attention  to  tin  details  referred  to  m  tin  mg. 

Lack  of  attention  to  thesi  details  and  lack  <  in  handling  will  in 

many  cases  result  in  losses  dm  to  dangerous  fires.  Do  noi  undertakt 
to  store  coal  until  you  an  sun  you  know  how  to  do  it  properly  and 
safely. 
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III.     The  Combustion  of  Fuel  and  The  Losses 
Attending  Improper  Firing 

8.  Principles  of  Combust ion. — The  combustion  of  coal  in  a  fur- 
nace is  essentially  a  chemical  process.  The  combustible  in  coal  con- 
sists of  carbon,*  hydrogen  and  sulphur.  During  the  progress  of  com- 
bustion these  elements  unite  with  oxygen  to  form  carbon  dioxide, 
steam,  and  sulphur  dioxide  respectively.  The  air,  which  furnishes  the 
oxygen  for  this  process,  consists  of  a  mixture  of  21  per  cent  by  volume 
of  oxygen  and  79  per  cent  of  nitrogen.  Oxygen  is  the  active  element 
as  affecting  combustion,  the  nitrogen  being  inert  and  taking  no  part 
in  the  process. 

When  combustion  takes  place,  heat  is  given  off.  For  every  pound 
of  carbon  burned  to  carbon  dioxide,  14,600  B.  t.  u.f  are  released.  In 
the  same  way,  for  every  pound  of  hydrogen  burned  to  water  vapor 
62,100  B.  t.  u.  are  liberated.  One  pound  of  sulphur  in  burning  to 
sulphur  dioxide  gives  up  4,000  B.  t.  u.  The  heat  liberated  serves  to 
raise  the  temperature  of  the  fuel  bed,  of  the  surrounding  surfaces, 
and  of  the  products  of  combustion.  Part  of  the  heat  delivered  to  the 
water  in  the  boiler  is  transmitted  by  direct  radiation  from  the  hot 
surfaces,  and  the  rest  is  absorbed  by  conduction  from  the  gases,  thus 
lowering  their  temperature.  The  heat  carried  away  by  the  gases  after 
they  have  left  the  heating  surfaces  of  the  boiler  represents  the  loss 
entailed  in  the  process.  The  extent  of  this  loss  is,  of  course,  indicated 
by  the  temperature  of  the  gases  leaving  the  heating  surfaces.  The 
nitrogen,  as  stated,  takes  no  part  in  combustion,  but  on  the  contrary 
it  absorbs  a  certain  amount  of  heat  in  having  its  temperature  raised 
from  that  of  the  air  to  that  of  the  gases  leaving  the  fire.  Consequently, 
the  temperature  of  the  other  gases  does  not  reach  so  high  a  point  as 
would  be  possible  if  oxygen  alone  could  be  introduced  into  the  fuel 
1.  When  the  nitrogen  leaves  the  heating  surfaces  with  the  rest  of 
the  gases,  it  carries  away  part  of  the  heat  released  by  the  fuel,  and, 

*  T)in  chemical   symbols  used   for  these  elements  and  compounds  are   as  follows:   Carbon 
hydrogen    (H),   sulphur    (S),   oxygen    (O),    carbon   dioxide    (C02),    steam    (H20),    sul- 
phur dioxide   (S02),  nitrogen   (N),  and  carbon  monoxide   (CO).     Carbon  dioxide  is  variously 
known  as  carbonic  acid  gas  and  as  black  damp,  while  carbon  monoxide  is  known  as  carbonic 
oxide  and  as  white  damp. 

t  r  or  definition  of  B.  t.  u.  see  foot-note  on  page  17. 
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therefore,  represents  loss.     This  loss  amounts  to  about  0.24   li.  t.  u. 
per  pound  of  nitrogen  per  degree  F. 

In  the  process  of  combustion,  one  pound  of  carbon  unites  with 
2.67  pounds  of  oxygen  to  form  3.67  pounds  of  carbon  dioxide.  Since 
the  composition  of  the  air  is  77  per  cent  nitrogen  and  23  per  cent 
oxygen  by  weight,  2.67  pounds  of  oxygen  requires  11.6  pounds  of  air. 

One  pound  of  hydrogen  in  burning  unites  with  eight  pounds  of 
oxygen  to  form  nine  pounds  of  water  vapor.  In  this  case  the  amount 
of  air  required  is  34.8  pounds. 

One  pound  of  sulphur  in  burning  unites  with  one  pound  of  oxygen 
to  form  two  pounds  of  sulphur  dioxide.  The  air  required  is  4.35 
pounds. 

It  is  evident  that  if  the  weights  of  carbon,  hydrogen,  and  sulphur 
in  one  pound  of  coal  are  known,  the  air  necessary  to  burn  completely 
one  pound  of  coal  amounts  to  11.60  times  the  weight  of  carbon,  plus 
34.80  times  the  weight  of  hydrogen,  plus  4.35  times  the  weight  of  sul- 
phur.   This  is  about  12  pounds  of  air  per  pound  of  coal.* 

Every  cubic  foot  of  oxygen  used  in  the  combustion  of  carbon  is 
replaced  by  one  cubic  foot  of  carbon  dioxide.  For  this  reason,  the 
percentage  by  volume  of  C02  in  the  flue  gas  is  an  indication  of  the 
amount  of  excess  air  present  in  the  furnace.  A  given  amount  of  C02 
will  be  formed  for  every  pound  of  carbon  burned.  It"  just  enough  air 
is  used  for  the  complete  combustion  of  the  carbon,  the  oxygen  will  be 
replaced  by  the  C02  formed  and  the  latter  will  be  the  same  percent- 
age, by  volume,  of  the  mixture  as  the  original  oxygen.  If  twice 
much  air  as  necessary  is  used,  the  same  volume  of  ( '<  >  will  be  forn 
as  before,  but  this  will  replace  only  one  half  of  the  oxygen  used,  and 
hence  its  percentage  of  the  mixture  will  be  only  one  half  as  great  as 
in  the  former  ease.  These  relations  are  somewhat  affected  by  the  fact 
that  hydrogen  and  sulphur  are  present,  but  their  amount!  too 

small  to  have  an  important  bearing  on  the  result. 

If  less  than  enough  air  is  furnished  for  complete  combust  ion.  part 
of  the  carbon  in  the  coal,  instead  of  being  burned  to  carbon  dioxide, 
will  form  carbon  monoxide.  Under  these  circumstances  the  amount 
of  heal  liberated  per  pound  of  carbon,  instead  of  being  1 1,600  B.  t.  u. 

will  be  only  4,500  B.  t.  u.    The  difference,  in. lnil  r,.  t.  u..  will  represent 

the  heat  lost  for  t'vevy  pound  of  carbon  burned  to  carbon  monoxide. 


*  Any    air    above    the    chrmi.  ;il  vrn    aa    ex 

air. 
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Since  combustion  is  the  result  of  the  union  of  oxygen  with  the 
various  elements  in  the  coal,  and  with  the  combustible  products  formed 
in  the  fuel  bed,  it  necessarily  follows  that  in  order  to  have  complete 
combustion,  each  particle  of  these  elements  must  come  into  contact 
with  a  sufficient  amount  of  oxygen.  To  insure  this  contact  between 
the  particles  of  the  combustible  and  oxygen,  it  is  necessary  to  supply 
an  amount  of  oxygen,  and  hence  of  air,  somewhat  in  excess  of  the 
amount  theoretically  required;  otherwise  carbon  monoxide  will  be 
found  in  the  escaping  gases.  This  excess  acts  as  a  further  diluent, 
and  represents  loss,  just  as  the  nitrogen  in  the  air  represents  loss.  A 
compromise  must,  therefore,  be  made.  The  correct  amount  of  air  to 
be  used  is  obtained  when  the  loss  due  to  heating  the  excess  just  bal- 
ances the  loss  due  to  the  carbon  monoxide  appearing  if  the  excess  is 
reduced.  For  best  operating  conditions  it  is  found  necessary  to  use 
between  30  and  40  per  cent  of  excess  air. 

Before  the  union  of  oxj^gen  and  the  elements  in  the  coal  can  take 
place  with  sufficient  rapidity  to  be  of  any  practical  use,  it  is  necessary 
that  the  whole  mass  be  brought  to  a  temperature  known  as  the  igni- 
tion temperature.  If,  because  of  any  condition,  such  as  contact  with 
the  cold  surfaces  of  the  tubes  or  the  inrush  of  an  excessive  amount  of 
cold  air,  the  temperature  of  the  gases  is  lowered  below  the  ignition 
point  before  combustion  is  complete,  combustion  will  cease  and  part 
of  the  fuel  will  escape  from  the  furnace  unburned.  This,  of  course, 
represents  a  loss. 

The  three  fundamental  conditions  necessary  for  complete  and 
smokeless  combustion  may  now  be  stated  as  follows : 

(1)  A  sufficient  amount  of  air  must  be  supplied. 

(2)  The  air  and  fuel  must  be  intimately  mixed. 

(3)  The  mixture  must  be  brought  to  the  ignition  temperature 
and  maintained  at  this  temperature  until  combustion  is 
complete. 

'/nificance  of  Draft. — The  technical  meaning  of  the  term 
"draft"  does  not  refer  to  the  motion  of  the  air  or  gases,  but  merely 
fines  the  difference  in  pressure  existing  between  the  air  outside  and 
t}l'  inside  the  furnace   (See  Figs.  3  and  13).     If  there  is  an 

opening  into  the  furnace  and  the  draft  is  maintained,  air  will  be  forced 
in  from  the  outside.  The  amount  of  air  which  passes  will  depend 
upon  the  size  of  the  opening  and  the  resistance  offered  to  the  flow; 
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Fn;.  3.    Manometer  Tube  for  Showing  the  Difference  in  Pressure  bet. 
the  Outside  and  the  Inside  ok  a  Boiler  Wall 


hence  the  weight  of  air  passing  through  the  fuel  bed  from  the  ash- 
pit for  any  given  drafl  over  the  fire  will  depend  upon  the  thick 
of  the  bed,  the  size  of  the  pieces  of  coal,  and  the  condition  of  the  I 
In  any  case,  the  combustion  of  a  given  amount  of  coal  always  reqil 
a  definite    amount  of  air.    Since  for  Large  pieces  of  coal  the  voids  in 
the  fuel  bed  are  correspondingly  Large,  a  fuel  bed  of  given  thicks 
will  presenl  leaa  resistance  to  the  passage  of  air  than  a  bed  of  finer 
!  of  the  Bame  thickness.    Hence  it  requires  less  draft  with  large 
I  than  with  fine  coal  to  pass  a  given  amount  of  air  through  the  fuel 
bed.    It  is,  however,  advisable  to  use  a  thicker  bed  with  lar  .:  in 

order  to  close  up  the  holes.     This  in  turn  will  make  h  in- 

the  draft  to  a  point  about  equal  to  that  used  for  lit.  al- 

though the  exact  relation  existing  between  thickness  of  bed.  draft,  and 
load  on  boiler,  must   he  determined  by  experiment   in  each  c. 

In  view  of  facts  developed  in  a  recent  investigation,1  special  atten- 
tion should  be  given  to  the  regulation  of  the  overdraft  in  hand  fired 
furnaces,  since,  contrary  t<>  the  generally  accepted  belief,  it  is  shown 

n    in    t).'  I  '1    "f    He  '1     Wn 

CO  ■  ine,  T«  ■<  h    P»i  •  r  No 

irted   in   this   publication    d 
•liforin    fuel    I 
within    t.  from    th- 

My  with  th<-  rate  at   which,  air 
mined   bj    mi 

■ 
ir«il   fur  tlii^   pro* 
tin-   m.  'he   gaeea   have   paaaed 

an  cxcomi  an 
the  If    must  ->    above 
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that  most  of  the  excess  air  is  admitted  into  the  combustion  chamber 
above  the  fuel  bed  instead  of  through  the  fuel  bed. 

Every  boiler  should  be  equipped  with  two  draft  gages,  one  con- 
nected directly  into  the  space  over  the  fire  (Fig.  4),  and  one  connected 


To  breec/7/ngrJR 


-3^- 


$   \M 


To  furnace 


Fig.  4.     Sketch  Showing  the  Correct  Method  of  Connecting  Draft  Gages 


both  into  the  space  over  the  fire  and  into  the  gas  passage  below  the 

damper,  giving  the  drop  in  pressure  through  the  tubes  and  baffling. 

The  operation  of  the  boilers  should  be  controlled  by  means  of  the  draft 

■r  the  fire.     The  draft  necessary  to  carry  any  given  load  and  the 

responding  proper  thickness  of  fuel  bed  with  the  grade  of  coal  used 

dd  be  determined.    With  everything  in  good  shape  and  no  leaks 

in  the  setting  and  a  given  draft  over  the  fire,  there  should  be  a  definite 

draft  through  the  setting,  or  differential  draft  as  it  will  herein- 

ter  be  called.    When  the  damper  is  opened  to  increase  capacity,  both 

the  furnace  draft  and  the  differential  draft  will  increase.     Assuming 

that  the  correct  thickness  of  fuel  bed  is  being  used,  an  increase  in  the 

differential   draft  reading  over  the  normal  reading  with  the  given 
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furnace  draft  indicates  that  there  are  holes  in  the  fuel  bed  or  that  the 
tubes  have  become  clogged  with  soot  and  ash.    A  decrease  in  the  dif- 
ferential draft  indicates  that  the  fuel  bed  is  dirty  and  that  the  fl 
ance  is  greatly  increased  by  ash  or  clinker,  or  that  some  of  the  baffling 
is  down,  causing  a  short  circuit  of  the  gases. 

10.  Significance  of  CO,  in  the  Flue  Gases. — A  study  of  the 
amount  of  carbon  dioxide  (C02)  in  the  flue  gases  affords  the  only 
practical  means  of  obtaining  a  knowledge  of  conditions  existing  with- 
in the  furnace  on  the  basis  of  which  correction  or  regulation  to  obtain 
the  best  results  may  be  made.  The  importance  of  making  C02  determi- 
nations, therefore,  warrants  a  discussion  of  the  methods  by  which 
these  determinations  may  be  made.  Every  plant  should  be  equipped 
with  some  form  of  C02  analyzing  apparatus  and  the  fireman  or  other 
employe  taught  to  use  it.  Since  it  is  co  aparatively  inexpensive,  the 
outlay  will  be  returned  many  times  by  the  gain  in  efficiency  and  the 
consequent  saving  of  fuel.  For  this  purpose  an  Orsal  apparatus  or 
some  of  its  modified  forms  should  be  used.  The  complete  Orsal  ap- 
paratus provides  a  means  of  analyzing  for  carbon  dioxide,  oxygen,  and 
carbon  monoxide,  but  since  the  C02  values  Lrive  a  sufficiently  accur 
indication  of  the  amount  of  excess  air  passing  through  the  fire,  the 
analysis  for  the  other  two  im^rs  may  be  omitted  and  the  apparatus 
used  in  its  simplest  for,.-:,  as  shown  in  Pig.  5.  This  c  ts  merely  of 
of  a  pipette,  h,  to  hold  the  solution  rium  hydroxide),  a  measur 

in-/  burette,  e,  of  100  cubic  centimeters  capacity,  a  Leveling  bottle,  /, 
containing  water,  and   an   aspirating   bull).   ///.      The  solution   may  be 

mad»'  by  mixing  equal  weights  of  potassium  hydroxide     K<>11     and 
water.     In  the  absence  of  tlii>  chemical,  concentrated   lye  may  be 
d. 
In  using  the  COj  apparatus,  the  Liquid  in  the  pipette,  h,  is  first 
brought  to  the  mark,  <>.  just   below  the  cock,  <l.     'I 
by  Lowering  the  Leveling  bottle,  /.  after  which  tt  •  J.  should 

closed.    Tie-  3-way  cock.  <.  is  then  opened  to  the  burel  and  to 

b,  and  by  raising  the  Leveling  bottl<         the  water  in  the  bui 
brought  to  the  mark,  .'/.  and  the  cock,           sed  to  the  burette,  and 
opened  through  </  and  l>.     Tic-  aspirating  bulb,  m,  i^  now  worl 
drawing  lm^  from  the  Bample  tube,   />.  in  the  setting  and   I 
it  out  through  h.     When  sufficient  gas  has  1 n   forced  through  to 

in   out    the  an-  ami   i  Lfl    from    1 1  pic   tub.-,   the 
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turned  so  that  b  is  closed,  and  a  is  in  communication  with  the 
burette,  c.  The  sample  is  then  pumped  into  the  burette,  thus  driv- 
ing the  water  into  the  leveling  bottle  and  more  than  filling  the 
burette.     The  leveling  bottle  is  then  raised  until  the  water  in  the 


Pig.  5.    Apparatus  for  the  Determination  of  CO,  in  Flue  Gas 


bm  tands   exactly  at   100   cc,   the  rubber  tubing  between  the 

eling  bottle  and  the  burette  is  clamped  between  the  thumb  and 

thai  do  change  in  the  level  at  100  cc.  can  take  place  and  the 

:.  e,  momentarily  opened  to  the  atmosphere  through  b  and  then 

sed  to  the  burette.    If  this  has  been  done  correctly,  when  the  two 
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surfaces,  e  and  /,  are  brought  to  the  same  level,  e  should  stand  at 
100  cc.  An  alternate  method  of  obtaining  100  cc.  at  atmospheric 
pressure  is  to  have  the  3-way  cock  open  through  a  to  c  and  closed  to 
b.  The  gas  may  now  be  forced  out  through  the  Liquid  in  the  leveling 
bottle,  /.  The  water  at  /  and  e  may  now  be  brought  to  the  same 
level  and  the  cock  closed  to  the  burette,  e.  The  cock,  d,  is  now 
opened  and  the  gas  driven  into  the  pipette,  h,  by  raising  the  level- 
ing bottle.  It  should  be  driven  back  and  forth  between  the  burette 
and  pipette  several  times,  and  then  the  liquid  in  the  pipette  brought 
back  to  the  mark,  o,  and  the  cock,  d,  is  closed.  The  surfaces,  /  and 
e,  are  again  brought  to  the  same  level,  and  the  amount  of  C02  in 
the  gas  sample  is  read  from  the  burette  at  e.  This  operation  is 
easily  performed  and  a  fireman  of  ordinary  intelligence  can  analyze 
a  sample  in  about  two  minutes. 

There  are  several  precautions  which  should  be  observed  in  tak- 
ing samples.  There  must  be  no  leaks  in  the  rubber  tubing  or  con- 
nections. If  air  leaks  in  during  the  analysis,  it  invalidates  the 
result.  The  sole  object  in  making  an  analysis  is  to  determine 
what  the  fire  is  doing  at  the  time  the  sample  is  taken;  hence  the 
apparatus  should  be  hung  on  the  setting  at  a  point  as  uear  as  possible 
to  the  point  where  the  sample  is  taken  in  order  to  reduce  t he  amount 
of  piping  and  rubber  tubing  between  the  sampling  tube  and  the 
analyzer,  and  to  insure  a  sample  representative  of  conditions  at 
the  time.  If  the  sample  is  conveyed  through  tubes  of  considerable 
size  and  length,  as  is  usually  the  case  with  a  COj  recorder  or  even  with 
a  C02  indicator,  the  analysis  is  made  from  5  to  1">  minutes  after  the 
sample  is  taken.  Thus  a  hole  in  the  fire  may  be  disclosed  by  the 
analyzer  5  or  10  minutes  after  its  initial  occurrence  nod  even  after 
disappearance  by  filling  up.  The  C02  recorder,  therefore,  is  useful 
for  giving  an  idea  of  the  average  operation  over  a  Long  period,  but 
is   noi    satisfactory   as   a    means   of   determine  r   relation 

between  load,  draft,  fuel  bed  thick]  ad  other  conditio  The 

determination    of    such    relations    in\  simultaneous    ivadi: 

Precautions  must  be  observed   in  inserting  the  sampling  tube. 
An  elabor  apling  apparatus  used  in  the  ho]  obtaining  an 

avi  imple  i  immended.    Such  apparatn 

mainly   of   s   double   tube   arrangement    I  mill 

holes   drilled    into   the   tubes,   the   tub<  ending  ^as 

These  do  not  accomplish  the  desired  result,  ho. 
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cause  the  holes  become  clogged  with  soot  and  ash  making  it  impossible 
to  know  the  point  in  the  flue  from  which  the  sample  is  drawn. 
Another  reason  why  these  tubes  are  not  reliable  for  procuring  an 
average  sample  lies  in  the  fact  that  the  gas  stream  varies  across  the 
flue  in  all  directions,  while  the  sampling  tubes  can  at  best  give  an 
average  in  only  one  direction.     In  order  to  obtain  an  exact  average 


Fig.  6.     Sketch  Showing  the  Proper  Location  for  Gas  Sampling  Tubes  to 
Avoid  Damper  Pockets  for  Both  Front  and  Eear  Take-off 

Point  2  is  in  the  center  of  the  main  gas  stream  and  indicates  correct  position  of  the  sampling 
tube.     Points  1  and  3  show  locations  of  pockets  in  which  representative  samples 

cannot  be  secured. 

it  would  be  necessary  to  fill  the  flue  with  a  network  of  sampling 
tubes  so  arranged  that  each  might  take  a  quantity  of  gas  propor- 
tional to  the  velocity  of  the  stream  at  its  point  of  sampling.  For 
all  practical  purposes,  therefore,  it  is  best  to  take  a  sample  through 
the  end  of  a  straight  tube  consisting  of  a  piece  of  ^-inch  pipe  so 
that  the  point  of  sampling  may  be  known  with  accuracy.  A  sample 
taken    from   the  center  of  the  main  gas  stream  where  the  gas  has 
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the  greatest  velocity  lias  been  found  to  yield  an  accurate  indication 
of  the  condition  of  the  fuel  bed  at  the  tin.  unpling,  Blight  vari- 

ations in  the  condition  of  the  fire  being  reflected  Immediately  in 
the  sample.  In  placing  the  tube,  care  should  be  taken  to  have  the 
end  in  the  center  of  the  main  <:a>  Btream  at  point  No.  2,  Pig.  6,  and 
not  in  any  of  the  dead  gas  pockets  as  indicated  by  points  1  and 
3.  Otherwise  low  COa  values  nol  representative  of  the  actual  con- 
ditions will  be  obtained.  The  tube  should  be  inserted  at  the  point 
where  the  gases  Leave  the  heating  Burfaces  of  the  boiler  for  the  Lasi 
time  as  indicated  by  point  2  in  Fig.  6,  and  not  Further  out  in  the 
flue.  An  iron  tube  should  not  be  used  if  the  temperature  at  the 
point  of  sampling  is  sufficient  to  raise  it  to  a  red  heat,  because  the 
character  of  the  sample  may  be  affeeted  by  part  of  the  oxygen  in 
the  sample  uniting  with  the  red  hot  iron.  A  small  cotton  filter,  con- 
tained in  a  glass  tube,  should  be  Inserted  between  the  sampling  tube 
and  the  aspirator  bulb.  In  using  the  apparatus  shown  on  pagi  :;<», 
care  should  be  taken  to  prevent  a  draft  of  cold  air  striking  the  bun 
during  a  reading.  A  material  change  in  temperature  during  a  reading 
will  invalidate  the  result. 

11.    Losses  of  Heat  Value. — The  Losses  in  the  boiler  plant  may 
be  divided  into  two  classes  : 

(1)  Those  due  to  the  loss  of  green  coal  in  handling 

(2)  Those   resulting    in    the    process    of   combustion.      Lose 
of  the  first  class  are  usually  small  and  easily  detected;  hence 
they  will  not   be  discussed   further. 

The  principal  1«.^,^  are  those  entailed   in  the  process  of  com 
bnstion.    These  may  be  divided  into  the  Following  class 

(1)     Loss  due  to  excess  air-  and  air  leakage  through  tie-  >.-t t i n'_r. 

2       Loss  due  to  combustible  in  ash. 

LiOSS  due   to   (  '(  )     formed. 

1         h"ss  due    to    soul    mi    the    tub-'.. 

Loss  due  to  moisture  carried  in  with  the  coal  and  air. 
Loss  due  to  heat  carried  out  by  the  escaping 
7       Loss  due  to  radial  ion. 

Losses   included    under  claS8e8    1    '«>    1.    inclusive,   are   largelj     | 

veritable,  while  those  Under  <•!.  and  7  are  acre  or  less  inevit 

able,  although  they  maj  be  reduced  to  a  minimum  with  proper  care. 
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Excess  Air  and  Air  Leaks 

Losses  due  to  excess  air  and  to  air  leaks  are  discussed  together 
because  they  may  both  be  detected  by  the  same  means,  i.  e.,  by  analysis 
of  the  flue  gas.  Under  the  head  of  excess  air  may  be  included  all  air 
which  goes  through  the  combustion  zone  in  excess  of  the  amount 
required  for  perfect  combustion.  Air  leakage  includes  all  air  going 
through  holes  in  the  setting  and  other  places  besides  the  fuel  bed. 

The  space  inside  the  average  boiler  setting  is  at  less  than  atmos- 
pheric pressure;  hence  if  there  are  any  openings  in  the  setting,  air 
will  leak  through  from  the  outside.  This  cold  air  not  only  takes  no 
part  in  the  combustion,  but  its  temperature  must  be  raised  to  that 
of  the  rest  of  the  gas,  a  process  which  requires  heat  and  lowers  the 
temperature  of  the  other  gases.  Some  of  this  heat  is  given  back  to  the 
water  in  the  boiler,  but  all  that  indicated  by  the  difference  between 
the  temperature  of  the  flue  gas  and  that  of  the  air  in  the  boiler  room 
represents  a  dead  loss.  This  is  also  true  of  the  excess  air  carried 
through  the  fuel  bed.  While  these  losses  cannot  be  detected  with  the 
naked  eye,  like  that  due  to  green  coal  in  the  ash,  they  are  by  far  the 
most  serious  of  all  losses  occurring  in  the  average  plant. 

Leaks  in  the  setting  may  occur  in  the  metal  work  around  doors 
and  joints  as  well  as  in  the  brickwork.  When  leaks  are  found  they 
should  not  only  be  stopped  with  asbestos  or  stove  putty,  but  should 
be  calked  with  waste  or  asbestos  fiber  soaked  with  fireclay  in  such 
manner  as  to  prevent  cracking  off  or  falling  out  as  soon  as  dry. 
The  last  of  the  leaks  may  best  be  found  by  building  a  smoky  fire 
and  shutting  the  damper.  Smoke  may  then  be  seen  to  issue  where- 
ever  there  is  a  leak.  When  the  setting  has  been  made  as  tight  as 
possible,  air  will  still  seep  in  because  the  bricks  and  the  mortar  are 
porous.  This  leakage  may  be  reduced  to  a  minimum  by  tacking  metal 
lath  to  the  setting  and  applying  a  coat  of  plaster  one  inch  or  so  in 
thickness  made  of  a  mixture  of  about  80  per  cent  magnesia  and  20 
per  cent  old  magnesia  pipe  covering.  In  order  to  secure  a  satisfac- 
tory surface  85  per  cent  magnesia  should  be  mixed  with  cement  to 
form  a  thin  grout,  spread  on  the  surface,  troweled  to  a  smooth  finish, 
and  painted.  This  makes  a  good  lagging  not  affected  by  temperature 
changes  and  also  serves  to  reduce  the  radiation  loss  listed  under  class 
(7).  If  the  Betting  is  too  hot  to  permit  touching  it  with  the  hand 
without  discomfort,  the  radiation  loss  is  excessive. 

After  the  setting  has  been  made  absolutely  tight  it  will  pay  to 
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give  attention  to  the  excess  air  loss,  but  it  is  well  to  emphasize 
that  the  former  should  be  done  first.  There  exists  a  very  definite 
relation  between  capacity,  draft,  fuel  bed  thickness,  and  air  passing 
through  the  fuel  bed  with  a  given  grade  of  coal  For  Illinois  c 
a  draft  of  approximately  .01  inch  of  water  is  required  to  burn 
pound  of  coal  per  square  foot  of  grate  surface  per  hour.  This  ratio 
is  slightly  increased  for  rates  of  combustion  above  twenty-five  pounds 
of  coal  per  square  foot  per  hour. 

In  order  to  determine  these  relations  in  any  given  plan:,  a  time 
should  be  chosen  when  the  load  on  the  boilers  will  remain  constant 
for  several  hours.     The  fire  should  be  clean,  of  uniform  thickn 
and  free  of  holes,  and  the  surfaces  of  the  tubes  should  be  free  o 
A  draft  and  fuel  bed  thickness  sufficient  to  maintain  the  load  without 
loss  of  pressure  should  then  be  chosen.     Simultaneous  readings  of  the 
draft  and  analyses  of  the  flue  gas  should  now  be  made  as  rapidly 
as  possible  and  repeated  at  brief  intervals  to  insure  permanence  of 
conditions,  and  a  watch  should  be  kept  on  the  fire  to  see  that  h 
do  not  develop.     Care  must  be  taken  not  to  open  the  furnace  d< 
during  a  reading.     Records  should  be  kept  of  the  drafts,   I  (>  .  and 
fuel  bed  thickness.     Thickness  of  fuel  bed  should  then  be  varied  and 
the   draft   adjusted   to    carry   the    load   without    pressure    drop,    or 
without  blowing  the  safety  valves.     When  sufficient  time  has  elapc 
to    allow    conditions    to   become    constant,    another    set    of    readii 
should  be  taken.    If  too  thin  a  fuel  bed  were  used  a1  the  start,  it  will 
be  found  on  comparing  the  readings  that  as  the  thicl  >f  the  fuel 

bed  is  increased,  the  draft  increases,  and  the  percentage  of  C<  I 
increases.    Finally  a  point  will  be  reached  al  which  the  (  (l  aol 

increase  further  as  the  thickness  of  the  fuel  \>*'<\  and  the  draft  in 
The  draft  and  fuel  bed  thicknef  ve  this  CO,  reading  represent  the 

proper  values  for  the  given  Load  On  the  boiler,  under  which  the 
changes  in  operating  conditions  have  been  made.    This  j  \\d 

then  be  repeated  for  a  number  of  different  Loads  on  the  boiler.    Upon 
doing  this  it  will  be  found  that    with  a  given   thick;  fuel  \^'<\. 

certain   more  or   less   well    defined   limits   of  draft    OV0T   the   lire   will 

give  a  maximum  C02  reading.    The  draft  then  i  i  the  to 

controlling  the  whole  situation,    [f  the  load  on  the  ! 

to  require   drafts   between   certain   limits,   then   the   thickne  tire 

Which   should   be   Used    is   immediately  known,   provided    I  HO 

holes    in    the    fire    and    the    tubes    ami    fire    an  Tie  Iter 
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conditions  will  be  indicated  by  the  differential  draft  gage,  Fig.  4, 
readings  of  which  should  also  have  been  taken  during  the  tests  when 
the  tubes  were  known  to  be  clean  and  the  fire  in  good  condition.  A 
table  or  chart  should  be  laid  out  for  the  use  of  the  fireman,  which, 
as  soon  as  the  approximate  draft  necessary  to  maintain  boiler  pres- 
sure is  known,  gives  the  thickness  of  fire  to  be  carried  and  the  cor- 
responding differential  draft  gage  reading.  If  the  furnace  draft 
and  thickness  of  fire  are  correctly  maintained  and  the  differential 
is  then  too  low,  it  indicates  either  that  the  fire  is  dirty  or  that  some 
of  the  baffling  has  fallen.  A  too  high  reading  of  the  differential 
indicates  that  there  are  holes  in  the  fire,  or  that  soot  is  clogging  the 
passages  through  the  tubes. 

The  thickness  of  the  fire  should  not  be  left  to  the  judgment 
of  the  fireman,  but  definite  marks  should  be  placed  on  the  inside 
door  liners,  or  at  some  points  where  they  may  be  seen.  In  any 
case,  it  should  be  thoroughly  understood  that  the  cooperation  of 
the  fireman  is  necessary,  and  unless  the  fires  are  kept  clean,  and 
the  firing  is  done  in  such  manner  as  to  maintain  a  uniform  fuel  bed 
without  holes  the  other  precautions  suggested  are  useless. 

Since  air  leakage  through  the  setting  tends  to  increase  as  the 
draft  increases,  it  is  good  policy  to  run  on  the  mi  minium  draft  which 
will  carry  the  load  without  pressure  drop.  The  C02  readings  are  a 
direct  indication  of  the  total  loss  due  to  both  excess  air  and  to  air 
leakage  when  taken  just  below  the  damper.  A  curve  *  is  presented 
in  Fig.  7  which  has  been  plotted  from  flue  gas  readings  when 
burning  Illinois  slack  on  a  chain  grate.  It  gives  the  percentage  of 
excess  air  represented  by  different  percentages  of  C02  in  the  gas. 
From  this  curve  it  may  be  seen  that  12  per  cent  of  C02  represent 
about  35  per  cent  excess  air.  This  is  the  maximum  C02  reading 
obtainable  with  this  coal  when  burned  on  grates  of  approximately 
93  per  cent  grate  efficiency  without  danger  of  incomplete  combus- 
tion and  a  corresponding  loss  due  to  carbon  monoxide.  If  this  value 
is  not  exceeded,  it  will  not  be  necessary  to  analyze  for  carbon  monox- 

and  the  determination  for  C02  is  sufficient. 

It  has  been  mentioned  in  a  preceding  paragraph  that  the  proper 

it  ion  tor  the  sampling  tube  is  at  a  point  where  the  hot  gases  leave 

the  heating  surfaces  for  the  last  time.    The  reason  for  this  may  now 


*  Kratz..    A.    P.,    "A    Study    of    Boiler    Losses."    Univ.    of    111.    Eng.    Exp.    Sta.,    Bui.    78, 
;     TJ15. 
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be  made  clear.  The  C02  in  the  sample  at  this  point  is  an  indication 
of  all  the  excess  air  and  leakage  which  lias  diluted  the  gas  and 
absorbed  heat  which  should  have  gone  into  the  water.  After  the 
gases  leave  the  heating  surfaces  there  is  no  longer  any  chance  of 
heat  being  absorbed  and  it  is  not  important,  so  far  as  efficiency  ■ 
concerned  whether  it  is  lost  in  a  small  amount  of  gas  at  a  high  tern- 
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perature,  or  in  a  large  anion ni  of  air  and  gas  at  a  lower  temperature. 

Any  air  Leakage  beyond  this  point,  therefore,  di.es  qoI  lower  the 
efficiency.  The  harmful  effect,  however,  is  shown  on  the  capacity. 
It    not   only  adds   its  own   bulk   to   the  gases  the  chimney   mU8l    carry. 

but   also,  dm-  to   Ltfl   I ling  effed    On   the   hot    |  tic   draft 

available  to   produce   the   flow.      In   man  s   the   mere  Stopping  of 

the  leaks  in  Betting  and   hr -him:  has  enabled  boilei  irry  o. 

load,  while  previously  it  had  ben  impossible  to  obtain  rated  capacity. 

The  draft  should  be  controlled  by  means  of  the  dampers  at  the 
fine,  and  not  by  the  ashpit  doors.  Closing  the  ashpit  doon  prevent! 
air   from   going   through    the    fuel    bed.   causes  clinker  and    hot 
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and  also  increases  the  air  leakage  loss.  Each  boiler  should  be 
equipped  with  a  separate  damper  and  the  position  of  maximum  and 
minimum  damper  opening  should  be  determined.  The  damper  should 
then  be  operated  between  these  limits.  The  points  of  maximum  and 
minimum  opening  should  be  found  by  noting  the  reading  of  the  draft 
gage  while  the  damper  is  moved  from  one  extreme  position  to  the 
other.  These  points  of  maximum  and  minimum  draft  gage  reading 
may  not  coincide  with  the  points  at  which  the  damper  is  mechani- 
cally open  or  closed.  A  position  will  usually  be  found  at  which  the 
draft  is  maximum,  and  a  further  opening  of  the  damper  will  not 
change  the  reading.  It  may  also  be  found  that  the  damper  can  be 
opened  quite  appreciably  before  the  draft  gage  begins  to  read. 
In  many  plants  of  large  and  medium  size  automatic  draft  control 
has  proved  economical  and  it  is  also  of  advantage  in  maintaining 
constant  steam  pressure.  If  automatic  control  of  the  draft  is  used, 
it  is  important  to  have  the  damper  adjusted  for  the  range  of  travel 
determined  by  experiment  as  suggested,  so  that  the  draft  will  be 
proportional  to  the  opening.  An  automatic  damper  regulator,  when 
used,  should  preferably  be  of  the  type  which  responds  to  small 
decreases  or  increases  in  steam  pressure  by  causing  a  corresponding 
movement  of  the  damper,  and  not  of  the  type  which  either  com- 
pletely opens  or  completely  closes  the  damper  in  response  to  small 
decreases  or  increases  of  pressure.  If  there  are  several  boilers  in 
the  plant,  the  best  plan  is  to  adjust  the  individual  dampers  so  that 
each  boiler  is  carrying  its  share  of  the  load  under  the  most  economi- 
cal draft,  and  then,  if  the  total  load  changes,  to  regulate  with  a 
master  damper  in  the  main  flue. 

Loss  Due  to  the  Presence  of  Combustible  in  the  Ash 
The  loss  due  to  partly  burned  coal  in  the  ash  should  not,  with 
very  careful  handling  of  the  fire,  exceed  more  than  about  three  per 
cent  of  the  heat  value  of  the  coal.  Excessive  carbon  in  the  ash  with 
>ker  fired  furnaces  usually  indicates  too  rapid  feed  for  the  rate 
of  combustion  used.  In  hand  fired  furnaces  it  may  indicate  that  the 
grate  openings  are  too  large  for  the  size  of  coal  used  or  that  the  fire 
is  worked  too  much,  or  both.  So  far  as  possible  the  fire  should  be 
operated  without  much  working  except  at  times  of  cleaning.  Too 
much  working  docs  two  things;  first,  it  shakes  the  green  coal  down 
into   the   ash   and   allows   it   to   pass  through   the   grate   bars,   and 
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secondly,  it  brings  the  ash  up  into  the  hot  part  of  the  fire  where  it 
fuses  and  causes  clinker.  Partly  burned  coal  is  fused  in  with  the 
clinker  and  is  lost  when  the  clinker  is  removed,  and  the  coal  which 
is  shaken  through  the  grates  during  the  additional  working  required 
to  remove  the  clinker  adds  further  to  the  loss.  The  possible  loss 
due  to  firing  green  coal  into  holes  in  the  fire  and  thus  permitting  it 
to  pass  through  the  grate  has  not  been  considered  in  detail  because 
it  is  obvious  that  the  holes  should  be  filled  up  by  leveling  the  fire 
before  adding  a  fresh  charge  of  green  coal.  In  working  a  fire,  it  should 
be  sliced  from  the  bottom  in  such  a  manner  as  to  avoid  or  minimize 
the  possibility  of  forcing  ash  up  into  the  fuel  bed.  This  applies  to 
stoker  firing  as  well  as  to  hand  firing. 

Loss  Due  to  the  Presence  of  Carbon  Monoxide 

in  the  Flue  Gases 

Carbon  monoxide  is  formed  if  too  thick  a  fire  or  an  insufficient 

draft  is  used.    With  central  bituminous  coals  there  is  little  possibility 

of  large  loss  from  this  source  if  the  C02  reading  is  not  more  than  12 

per  cent. 

Loss  Due  to  Soot 

The  largest  part  of  the  loss  due  to  smoke  does  Q01  result  from 
the  fact  that  the  particles  of  carbon  floating  in  the  gas  stream  have 
passed  out  before  giving  up  their  heat  value,  but  it  comes  from  the 
deposit  of  soot  on  the  tubes.  The  actual  heat  value  of  this  deposit  of 
soot  is  small  when  compared  with  the  amount  of  coal  fired  in  pro- 
ducing it,  but  its  power  of  preventing  the  beat  in  the  S  from 
reaching  the  tubes  and  being  absorbed  is  a  factor  of  considerable 
importance.    Soot  makes  an  excellent  heal  insulator,  about  live  ti: 

"ffective  as  asbestos.  Under  normal  working  conditions  and  with 
the  normal  amount  of  air,  the  temperature  of  the  gases  leaving  the 
boiler  should  be  somewhere  near  550  degrees  F.  If  they  leave  at  i 
much  higher  temperature  and  the  fire  and  drafts  are  normal,  it 
signifies  thai  the  tubes  need  blowing.  The  soot  deposited  on  the 
heating  surfaces  is  keeping  the  heat  in  the  gas  fr<<:u  reaching  the 
water  and  thi  quently  are  qoI  cooled.    Where  automatic 

blowers   are    installed    the   tubes   should    be   blown  :r   0T    I 

hours.    In  all  cases  they  should  h<4  blown  at  least  once  for  every  shift. 

A    pyrometer    placed    at    the    point    where    the    <:ase^    leave    the    tubes 

for  the  la>t  time  will  give  a  fairly  good  indication  of  tie 

provided  Of  Course  thai  lo*  rature  is  rmt  due  •  -ss  air. 
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Loss  Due  to  Moisture  in  the  Coal  and  Air 
The  loss  due  to  moisture  in  the  air  is  very  small  and  need  not  be 
considered.  That  due  to  moisture  in  the  coal  may  be  larger.  The 
coal  may  carry  13  or  14  per  cent  of  moisture,  and  the  heat  required 
to  evaporate  this  must  be  furnished  by  the  coal  itself,  thus  decreasing 
the  amount  available  to  heat  water  in  the  boiler.  Fine  coal  tends  to 
pack  if  fired  dry.  This  prevents  the  proper  amount  of  air  getting 
to  the  fuel,  and  results  in  the  formation  of  carbon  monoxide  and  in 
cold  fires.  Sometimes  very  dry  coal  burns  out  unevenly,  and  will 
not  stay  on  the  grates  without  allowing  holes  to  form.  For  these 
reasons,  it  is  advisable  to  wet  down  the  smaller  sizes  of  coal  just 
before  firing  because  the  other  losses  mentioned  are  greater  than 
that  due  to  the  water.  With  larger  sizes  wetting  is  not  necessary  and 
is  not  advisable.  This,  however,  must  be  decided  for  each  individual 
plant.  In  no  case  should  more  water  be  added  than  is  absolutely 
necessary. 

Loss  Due  to  Heat  in  the  Escaping  Gases 
Every  pound  of  flue  gas  passing  up  the  stack  represents  a  loss 
of  about  .24  heat  units  per  degree  F.  above  the  temperature  of  the 
steam  in  the  boiler.  This  loss  cannot  be  entirely  eliminated.  For 
plants  operating  on  natural  draft,  a  temperature  of  about  500  degrees 
F.  is  required  in  the  stack  to  produce  the  draft  necessary  to  operate 
the  boilers  at  full  capacity.  An  average  of  550  degrees  F.  is  good 
practice.  For  forced  draft  and  four-pass  boilers,  it  may  run  lower 
than  this  temperature.  An  indicating  pyrometer  should  be  used  on 
li  boiler  and  if  the  temperature  in  the  flue  becomes  abnormally 
high  it  may  be  accepted  as  an  indication  of  an  excessive  deposit  of 
-<><>t  upon  the  tubes  or  of  a  draft  greater  than  is  necessary  for  the 
load. 

Loss  Due  to  Radiation 
Uncovered  surfaces  and  other  surfaces  which  are  too  hot  to  touch 
without  discomfort  represent  a  serious  loss  of  heat.    This  loss  can  be 
decreased  by  covering  the  setting  as  previously  suggested. 

12.  Significance  of  Smoke. — Smoke,  depending  upon  its  cause, 
may  or  may  not  indicate  a  loss  in  efficiency.  The  loss  is  largely  due 
to  the  ^<<ot  deposit,  and  not  to  the  heat  value  of  the  fine  particles 
of   floating  carbon.     The  three  principles  of  smokeless   combustion 
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have  already  been  stated.  The  question  concerning  whether  there  is 
sufficient  air  for  combustion  ran  be  answered  with  the  COj  analyzer. 
If  the  CO_,  reading  is  aormal  and  Bmoke  still  appears,  tin*  trouble  b 
due  either  to  a  faulty  mixture  of  the  air  and  combustible  gases,  or 
to  a  too  small  combustion  chamber.  Increasing  the  air  supply  may 
decrease  the  smoke,  hut  it  also  decreases  the  efficiency.  In  this  c 
smokeless  eombusl ion  does  not  indicate  high  efficiency.  If  the  fire  is 
hot  and  there  is  much  oxygen  in  tic  gas,  together  with  high  carbon 

monoxide,  the  trouble  is  due  to  poor  mixing  of  the  <_ras  aI1(|  ajr  ,, wi- 
the fuel  bed.  .Mixing  piers  or  arches  will  eliminate  tic  Bmoke  which 
in  this  case  is  an  indication  of  los>  of  efficiency.  If  the  tire  is  white 
hot,  and  the  CO,  normal,  without  any  indication  of  carbon  monox- 
ide in  the  gas  the  trouble  is  due  to  a  too  small  combustion  chamber. 

In  mOSl  plants  this  is  the  cause  of  smoke,  and  in  sich  r;iv>  it  does 
not   indicate  poor  furnace  efficiency.     Tic   loss   is  due  to  soot  rather 

than  to  smoke. 

13.     Methods  of  Hand  Firing.-  There  are  two  genera]  methods 
advocated   for  hand  firing,   (1)    Coking,    (2)    Spreading.     The  first 

involves  the  placing  of  a  considerable  amount  of  green  coal  on  some 

convenient  pari  of  the  fuel  bed  where  tic  heat  will  pass  into  it  and 

will  slowly  distil  the  volatile  gases.  These  gases  then  mix  with  air 
above    the    bed    and    in    passing    over    the    white    hot    bed    are    hnrned 

before  they  reach  the  cold  surfaces.    'Hie  method  usually  adopted  is 
to  pile  the  green  coal  at  the  fronl  of  the  bed.    After  l'>  or  15  mine 
during  v  'lidi  tic  coal  has  become  well  coked,  this  pile  is  broken  up  and 

spread  over  the  hack  pari  of  tic  fuel  bed,  and  a   fresh  charge  is  piled 

at  the  front.  This  method  accomplishes  satisfactory  results  so  far 
as  smokeless  combustion  i>  concerned,  hut  it  does  not  pros 
efficiency.  The  keynote  of  efficiency  lies  in  the  maintenance  of  a 
uniform  fuel  bed,  while  with  the  coking  netted  of  firing  the  bed 
burns  unevenly.  Tic  bed  is  usually  too  thick  at  tic  front,  and  burns 
out  and  develops  holes  at  tic  reai-.  aid  although  it  is  less  liable  to  form 
••linker,  this  practice  is  not  to  he  recommended  as  highly  a-  some 
form  of  spreading. 

In  the  spreading  method,  small  quantities  of  coal  are  fired 
frequent   intervals.     In  alternate  spreading,  a  thin  layi  I  is 

spread  on  one  side  of  tic  furnace.      As  the  distil,  they  mix  witli 

the   air.    and    the    white    hot    surface   OH    the   other   tide    maintains    tic 
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mixture  at  the  ignition  temperature.  After  a  period  of  about  five 
minutes,  when  the  distillation  is  complete,  another  charge  of  fresh 
coal  may  be  spread  on  the  other  side  of  the  bed.  By  this  method  the 
fire  may  be  kept  in  a  more  nearly  uniform  condition  than  by  coking. 
Where  the  eoal  is  spread  over  any  considerable  area,  however,  there 
is  still  a  tendency  for  the  resistance  at  different  parts  to  vary,  and 
for  holes  to  develop. 

The  best  method  is  to  fire  very  often  and  in  small  quantities. 
Holes  should  not  be  permitted  to  develop ;  to  prevent  holes,  small 
amounts  of  coal  should  be  placed  on  the  thin  parts  of  the  bed.  Thin 
places  may  be  recognized  from  the  fact  that  they  appear  brighter 
and  hotter  than  the  rest  of  the  bed.  This  method  requires  more 
attention  on  the  part  of  the  fireman,  but  it  pays  in  the  long  run.  It 
is  possible  to  maintain  a  uniform  bed  for  long  periods  without  barring 
or  working  the  fire.  Where  the  coal  is  fired  in  small  quantities,  the 
volume  of  combustible  distilled  at  one  time  is  small  and  may  be 
easily  consumed  over  the  hot  part  of  the  fuel  bed  without  forming 
smoke. 

In  any  case,  in  hand  firing,  it  is  necessary  that  some  auxiliary 
air  be  taken  in  over  the  fuel  bed  for  several  minutes  immediately 
after  firing.  This  should  be  admitted  across  the  fire  close  to  the 
surface  of  the  fuel  bed,  preferably  from  the  front  through  auxil- 
iary dampers  in  the  fire  door,  which  should  have  an  area  of  at  least 
four  square  inches  per  square  foot  of  grate  surface.  This  admission 
of  air  may  be  accomplished  either  automatically  or  under  the  control  of 
the  fireman.  The  automatic  device  opens  small  supplementary  damp- 
ers when  the  fire  door  is  opened,  and  then  closes  them  gradually 
after  the  door  is  shut.  The  time  of  closing  is  usually  about  three 
minutes.  The  same  result  can  be  accomplished  by  the  fireman  regu- 
lating the  dampers  in  the  fire  door  by  hand.  In  some  cases  the  use 
of  a  steam  jet  immediately  after  firing  has  proved  advantageous, 
since  it  not  only  carries  in  the  air  necessary  for  the  combustion  of  the 
volatile  gases,  but  also  serves  thoroughly  to  mix  the  air  and  gases. 

14.  Stoker  Firing. — It  is  not  within  the  scope  of  this  discus- 
sion to  give  detailed  instructions  for  the  use  of  different  types  of 
stokers.  All  the  statements,  however,  concerning  tight  settings, 
determination  of  proper  fuel  bed  thickness,  draft,  soot,  etc.,  apply  to 
stoker  firing  as  well  as  to  hand  firing.    Most  stokers  accomplish  one 
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prime  requisite  for  good  combustion,  i.< ..  a  uniform  supply  of  coal 
and  air,  but  they  require  as  intelligent  attention  as  does  hand  firing. 
Stokers  should  be  inspected  regularly  to  sec  that  all   Ledge  plat 
baffles,  and  other  devices  designed  to  decrease  air  Leakage  are  per* 

forming  their  functions  properly.  The  grate  should  be  k»*pt  uni- 
formly covered  with  fuel  and  the  rate  of  feed  adjusted  so  as  to  mini- 
mize the  amount  of  unburned  coal  carried  over  into  tin-  ashpit.  The 
chain  grate  stoker  is  probably  more  generally  used  for  Illinois  coal 
than  any  other  type,  and  it  has  usually  proved  satisfactory.  It  i^ 
used  largely  for  burning  slack,  or  screenings,  and  lor  this  purpose 
a  fuel  bed  of  about  six  inches  gives  tie-  besl  results,  particularly 
when  natural  draft  is  used.  Detailed  instructions  for  the  operation 
of  any  particular  type  of  stoker  may  he  obtained  from  the  company 
building  it. 
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IV.     Features  of  Boiler  Installation  in  Relation 
to  Fuel  Economy 

M.  Boiler  Settings. — The  boiler  setting  consists  of  the  founda- 
tion and  such  parts  of  the  furnace  and  gas  passages  as  are  external 
to  the  boiler  shell.  The  setting  must  furnish  a  proper  support  for  the 
boiler  and  at  the  same  time  provide  the  necessary  passages  for  the 
products  of  combustion  as  well  as  a  pit  for  the  ashes. 

Foundation 
A  good  solid  foundation  resting  on  a  firm  footing  is  absolutely 
necessary  to  insure  a  boiler  setting  which  will  remain  tight  and  free 
from  any  tendency  to  crack.  The  depth  of  the  foundation  and  the 
width  of  the  footings  necessary  for  a  given  installation  depend  upon 
the  character  of  the  soil.  In  the  case  of  good  solid  soil  capable  of  sup- 
porting heavy  loads,  the  excavation  need  not  be  made  very  deep,  but 
where  the  ground  is  soft  it  is  well  to  excavate  the  entire  space  occupied 
by  the  setting  and  to  construct  a  bed  of  concrete  about  two  feet  thick 
upon  which  the  walls  may  be  supported. 

When  boilers  are  supported  on  steel  columns,  as  is  usually  the 
3e  with  water  tube  boilers  and  as  is  desirable  for  fire  tube  boilers 
also,  the  footings  at  the  base  of  the  columns  must  be  enlarged,  since 
with  such  means  of  support  the  loads  are  concentrated  and  not  dis- 
tributed as  in  the  case  of  horizontal  return  tubular  boilers  supported 
by  a  series  of  lugs  resting  on  the  walls  of  the  setting.  In  general,  the 
foundation  for  all  types  of  boilers  should  be  very  rigid;  a  weak  found- 
ation will  always  cause  the  setting  to  crack  no  matter  how  well  the 
brick  iu  the  walls  may  be  set.  Weak  foundations  may,  furthermore, 
tend  to  produce  severe  stresses  at  pipe  connections  to  the  boiler  which 
are  likely  to  cause  trouble. 

Side  and  End  Walls 
The  side  and  rear  walls  are  supported  upon  the  foundation  and  in 
the  older  designs  of  settings  a  two-inch  air  space  is  generally  provided 
in  these  walls.  In  many  of  the  newer  types  of  setting,  however,  this 
air  space  has  been  omitted.  As  a  result  of  a  series  of  experiments 
made  by  the  United  States  Geological  Survey,  it  has  been  found  that 
the  two-inch  air  space  provided  in  the  walls  of  boiler  settings  has 
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practically  do  effect  in  preventing  the  flow  of  heal  from  tin'  interior 

of  the  setting.  As  a  matter  of  fact  tlir  radiation  low,',  fox  a  wall  with 
an  air  space  are  greater  than  those  for  a  solid  wall.  In  order  t<> 
strengthen  the  side  walls,  buck-stays  held  together  by  Long  bolts  are 
used.  The  furnace,  the  bridge  wall,  ami  all  parts  of  the  side  ami  rear 
walls  including  the  hack  arch  which  arc  exposed  to  the  b  S  must 

be  lined  with  high  grade  lire  brick  capable  of  withstanding  the  high 
temperatures.  The  fire  brick  should  be  backed  with  hard,  well  burned, 
red  bricks  laid  in  a  high  grade  mortar.  All  arches,  piers,  and  wiiiLr 
walls  which  may  form  a  part  of  the  combustion  chamber  should  be 
made  entirely  of  fire  brick. 

Settings  for  Horizontal  Return  Tubular  Boilers 
In  order  to  use  soft  coal  economically  it  is  desirable  to  obtain  as 
complete  combustion  as  possible.  Complete  combustion  also  means 
elimination  of  smoke.  To  obtain  proper  combustion  sufficient  air  must 
be  introduced  into  the  furnace  to  supply  the  accessary  oxygen.  The 
air  thus  introduced  must   mix  thoroughly  with  thi  ven  off  by 

the  burning  coal  and  the  mixture  thus  obtained  must  be  kept  at  a  high 
temperature  until  the  process  of  combustion  is  completed.     The  old 
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standard  setting  for  return  tabular  boilers  (shown  in  Pig.  8  is  fre- 
quently used,  but  it  does  not  satisfy  the  conditions  stated  and  for  this 
reason  should  not  be  used  when  smokeless  combustion  is  required.  In 
recent  years  several  types  of  settings  have  been  devised  which  if  pro- 
perly fired  make  possible  the  satisfactory  combustion  of  bitumin 
coal. 

A  type  of  horizontal  return  tubular  boiler  Betting  which  has  given 
good  results  with  soft  coals  is  shown  in  Fig.  9.  It  was  originated  and 
perfected  by  the  engineers  associated  with  the  Department  of  Smoke 
Inspection  of  the  City  of  Chicago  and  is  generally  recommended  f<>r 
boilers  operating  at  a  steam  pressure  of  sixty  pounds  or  more.  This 
setting  differs  from  that  illustrated  in  Fig.  8  in  that  a  series  pf  arc 
are  constructed  over  the  bridge  wall  and  in  the  combustion  chaml 
A  double-arch  rests  on  the  bridge  wall  and  on  a  suitable  pier  built  up 
between  the  bridge  wall  and  a  Bingle  span  deflection  arch,  the  latter 
being  located  from  two  to  three  feet  back  of  the  bridge  wall.  The 
highest  point  of  this  deflection  arch  is  at  the  elevation  of  the  top  of 
the  bridge  wall  or  somewhat  below  it.  So  as  to  prevent  the  gases  from 
passing  over  the  arches  bulkheads  extending  up  to  the  boiler  are  con- 
structed above  them. 

It  is  evident  from  this  brief  description  that  the  gases  in  passing 
from  the  grate  over  the  bridge  wall  are  divided  into  two  separate 
streams  by  the  central  pier  supporting  the  double-arch.  In  going 
through  the  retorts  formed  by  the  double-arch  and  the  side  walls  of 
the  getting  the  gases  are  thoroughly  mixed  and  at    the  same  ti 

subjected  to  high  temperatures.    Having  passed  through  the  retorts 

the  gases  are  compelled  to  change  their  direction  of  travel  so  as  t<>  \ 
under  the  deflection  arch  back  of  tin1  bridge  wall,  thus  promoting 
further  miring  and  thereby  insuring  proper  combustion.    The  Betting 
is  also  provided  with  the  usual  panel  door  for  tin1  admission  of  air  over 
the  fire.    The  steam  jets  shown  extending  through  the  furnace  front 

are  generally  considered  standard  equipment  and  it  is  r tmmended 

that  they  be  freely  used  after  each  firing. 

The  arches  used  in  connection  with  the  setting  shown  in  Pig 
produce  a  side  pressure  <>n  the  walls,  and  in  order  t«>  prevent  bulging 

and  cracking  of  the  walls  additional  buck  stays  ami  tie  rods  should  1"' 

installed.    The  floor  of  the  combustion  chamber  is  subjected  t»>  hiLrh 
temperatures  ami  for  this  reason  Bhould  he  paved  with  second 

lire  brick  laid  on  edge. 
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According  to  Osborne  Monnett  *  the  following  general  propor- 
tions should  be  satisfied  in  order  to  obtain  satisfactory  service  with 
this  type  of  setting. 

(1)  The  free  area  through  the  double-arch  above  the  bridge 
wall  should  be  made  equivalent  to  at  least  25  per  cent  of  the 
urate  area. 

(2)  The  area  from  the  back  of  the  bridge  wall  to  the  deflection 
arch  should  be  at  least  45  per  cent  of  the  grate  area. 

(3)  The  area  under  the  deflection  arch  should  be  at  least  50  per 
cent  of  the  grate  area. 

For. convenience  of  reference  the  dimensions  indicated  in  Fig.  9 
for  various  sizes  of  boilers  are  given  in  the  table  presented  with  the 
illustration.  These  dismensions  were  obtained  from  a  report  submitted 
by  the  Standards  Committee  at  the  eleventh  annual  convention  of  the 
Smoke  Prevention  Association. 

There  are  several  patented  settings  in  which  the  gases  are  main- 
tained at  a  high  temperature  and  are  thoroughly  mixed  by  the  use  of 
piers  and  wing  walls  in  place  of  the  arches  shown  in  the  setting  of 
Pig.  9.  Experience  seems  to  indicate  that  the  temperature  in  the  com- 
bustion chamber  of  such  settings  is  sufficiently  high  to  promote  proper 
combustion,  and  furthermore  it  is  claimed  that  they  burn  coal  with 
h!  economy  and  are  cheaper  to  construct  than  the  double-arch 
setting. 

Settings  for  Water  Tube  Boilers 
A  Large  number  of  hand  fired  water  tube  boilers  of  the  horizontal 
type  designed  for  the  use  of  soft  coal  are  installed  with  what  is  gener- 
ally called  the  standard  vertical  baffling.  This  form  of  baffling  compels 
the  gases  to  pass  across  the  tubes,  thus  producing  a  rather  short  flame 
travel  in  the  first  pass  and  rendering  complete  combustion  impossible, 
in  order  to  improve  combustion  in  hand  fired  water  tube  boilers  of 
the  horizontal  type  when  burning  soft  coal,  it  has  been  demonstrated 
by  the  Chicago  Department  of  Smoke  Inspection  that  the  setting 
should  be  so  arranged  as  to  fulfill  the  following  specifications:! 

"Hand  Wired  Furnaces  for  Water  Tube  Boilers — I."  Power,  Vol.  40,  p.  264,  August 
25,   1914. 

t  n«d. 
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(1)  Some  provision  must  be  made  >o  that  the  bottom  row  of 
tubes  will  absorb  some  heat  directly  from  the  fire.  This  is 
accomplished  by  the  use  of  T-tiles,  thus  exposing  the  bottom 
row  of  tubes  to  the  fire  for  a  short  distance  from  the  front 
header. 

(2)  Over  the  bridge  wall  and  for  some  distance  back  of  it  a 
high  temperature  zone,  through  which  the  gases  and  air  pa 
must  be  provided.  This  zone  is  obtained  by  using  box-tiles 
around  the  bottom  tubes.  The  box-tiles  extend  from  the  end  of 
the  T-tiles  to  a  point  several  feet  in  front  of  the  back  header. 
The  area  provided  between  the  bridge  wall  and  the  box-tile 
should  1  e  made  equivalent  to  25  per  cent  of  the  grate  area. 

(3)  In  order  that  the  gases  and  air  will  thoroughly  mix,  a  de- 
flecting arch  is  provided  a  short  distance  back  of  the  bridge 
wall.  The  distance  betweeu  the  arch  and  the  bridge  wall 
should  be  such  that  the  area  obtained  between  them  is  equiv- 
alent to  40  per  cent  of  the  grate  area.  The  height  of  the  arch 
must  be  sufficient  so  as  to  provide  an  area  underneath  it 
equivalent  to  50  per  cent  of  the  grate  area. 

\  As  in  the  case  of  the  horizontal  return  tubular  boiler  set- 
tings, excess  air  is  provided  through  the  panel  doors  in  addi- 
tion to  a  siphon  steam  jet  located  above  the  fire  doors. 

When  water  tube  boilers  are  vei-y  wide,  it  may  be  accessary  to 
construct  the  deflection  arch  mentioned  in  (3)  in  two  or  three  spans. 
These  spans  should  be  supported  on  suitable  piers  in  order  to  relieve 
the  strain  on  the  side  walls,  in  ease  the  area  over  the  bridge  wall  is 
in  excess  of  25  per  cent  of  the  grate  area,  the  desired  area  may  be 
obtained  by  introducing  piers  upon  the  bridge  wall  opposite  the  Bpans 
in  the  deflection  arch.  Due  to  these  piers  the  gases  and  air  will  be 
more  thoroughly  mixed,  thus  promoting  combustion. 

In  water  tube  boilers  equipped  with  horizontal  baffles  it  generally 
happens  that  there  are  parts  of  certain  tubes  which  are  not  acted  upon 
effectively  by  the  gases.  This  is  due  to  the  fact  thai  the  gases  become 
trapped  in  the  corners  as  Bhown  at  A  in  Pig.  in  and  become  in< 
Such  a  condition  can  be  unproved  with  a  gain  in  the  efficiency  of  the 
boiler,  by  providing  openings  approximately  one  inch  wide  in  alt< 
Date  rows  of  the  tile  B,  Fig.  10. 
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One  of  the  most  serious  defects  found  in  brick  settings  is  air  leak- 
age. The  fire  brick  used  on  the  interior  of  the  setting  must  be  selected 
with  great  care  as  the  life  of  the  setting  very  largely  depends  upon  the 
quality  of  these  bricks  as  well  as  upon  the  workmanship  in  laying 
them.    Generally  the  arches  used  in  settings  cause  more  trouble  than 


y///^^/^^/  vz/Wta 


Do  not  take 
gas  samples 
here. 

Samp/e  here 


vzzzszzzzzzzzx 


\ 


'Type  V 


1\ 


Plan  offype  Y 

Note:  Damper  should 
be  made  to  turn  abouf 
ifs  long  axis  as  in  Yfype. 


Fig.  10.     Sketch   Showing   Effects   of  Baffling   and   Dampers   in   Causing 
Pockets  and  Eddies  in  the  Flue  Gas  Stream 

Defects  in  Settings 
any  other  part  of  the  setting.  In  some  cases  arches  fail  because  of 
the  use  of  a  grade  of  brick  not  suited  to  the  purpose,  but  more  fre- 
quently failures  are  due  to  poor  workmanship  in  laying  the  bricks.  Air 
Leakage  through  the  setting  can  be  reduced  by  pointing  up  the  brick 
work  in  the  proper  manner  and  by  covering  the  entire  setting  with  an 
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insulating  material,  as  for  example  a  high  grade  of  «  or  magn< 

covering.  The  expos.'. I  parts  of  the  shell  of  horizontal  return  tubular 
boilers  and  of  the  steam  drums  of  water  tube  boilers  should  be  covered 
with  an  85  per  cent  magnesia  covering  two  or  three  Laches  thick  The 
outer  surfaces  of  all  insulating  materials  should  be  finished  off  with  a 
thin  coating  of  hard  cement  or  covered  with  canvas  and  painted.  If 
the  walls  of  the  setting  are  constructed  with  air  Bpaces  these  spa 
should  be  filled  with  sand  or  ashes.  The  baffles  on  the  interior  of  the 
setting  should  be  kept  tight  so  that  the  gases  cannot  be  by-passed 
through  the  heating  surfaces.  All  steam  and  water  leaks  around  a 
boiler  should  be  stopped  immediately  since  water  coming  in  coir 
with  heated  brick  work  is  likely  to  cause  rapid  disintegration  of  the 
brick.  The  setting  should  be  so  constructed  that  the  boiler  i>  \r>>e  to 
expand  without  affecting  the  brick  work. 
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V.     Installation  Features  Affecting  Draft 
Conditions 

16.  Stacks  and  Breechings—The  purpose  of  a  stack  is,  of  course, 
to  supply  air  to  the  fuel  which  is  burning  on  the  grates  of  the  boiler 
furnace  and  then  to  remove  the  flue  gases  which  are  formed  after  they 
have  passed  over  the  boiler  surfaces  and  given  up  most  of  their  heat 
to  the  water  and  steam  in  the  boiler.  The  stack  may  waste  coal  if  the 
fireman  allows  it  to  supply  too  much  or  too  little  air,  or  if  he  allows 
the  flue  gases  to  leave  the  boiler  at  too  high  a  temperature.  Most 
stacks  supply  too  much  air  so  that  a  large  amount  of  heat  is  carried 
away  in  the  unnecessarily  large  volume  of  flue  gases  formed  when  this 
air  passes  through  the  fuel  bed,  where  it  not  only  serves  to  burn  the 
coal  but  also  takes  up  heat. 


Special  Note. 
/Von-  conduct inq 
coven nq  on  hoi  lei 
and  breeching. 


breeching 


Adjusting 
x  handle 


Wafer 


Take  gas 
sample  here 


Damper  b/ade 
hinged  a/j/de 


1 4" Blade  hp3  over 
frame  when  c/osed 


3/ade. 

Framed 

E/evat/on 

FiQ.  11.     Ant  Approved  Form  of  Hinged  Damper 

The  Stack  Damper  and  Its  Use 
in  oid*T  to  control  the  amount  of  air  and  flue  gas  passing  to  a 
k.  a  damper   I  Pigs.  10  and  11)  should  be  installed  at  the  point 
where  the  flue  gas  Leaves  each  boiler.    This  damper  should  fit  tight 
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and  true  and  should  move  easily.    An  approved  form  of  damper,  which 

is  tight  fitting,  is  shown  in  Pig.  11.  It  should  have  a  free  opening 
about  25  per  cent  greater  than  the  area  through  the  tubes.  Long 
narrow  dampers  are  to  be  avoided  wherever  possible.    For  water  tube 

boilers  the  damper  opening  should  be  about  0.25  of  tin1  grate  area. 
The  damper  must  be  opened  only  enough  to  permit  the  stack  to  supply 
the  right  amount  of  air  to  burn  completely  the  fuel  tired.  When  the 
demand  for  steam  increases,  more  coal  must  he  burned  and  the  damper 
must  be  opened  wider  in  order  to  supply  more  air.  The  air  supply 
.should  not  lie  controlled  by  opening  and  closing  the  ashpit  do 
which  should  stand  wide  open  practically  all  the  time.     It*  tl  &  is 

not  controlled  by  the  damper,  it  will  always  exert  its  full  jiower  on  the 
setting  which  means  that  the  tendency  for  air  to  leak  in  at  any  cracks 
and  joints  will  be  as  great  at  half  load  as  at  full  load,  and  even  with 
the  ashpit  doors  closed  this  leakage  would  be  unchanged  if  the  Btaek 
damper  remained  open. 

From  what  has  been  stated,  it  is  evident  that  a  stack  must  be  cap- 
able (at  full  damper  opening)  of  supplying  all  the  air  that  the  boiler 
may  require  when  burning  coal  at  the  highest  pate  pounds  per  hour) 
necessary  for  the  maximum  load.  At  all  other  rates  of  burning  coal 
the  damper  must  be  partly  closed,  and  in  many  plants,  since  the  stack 
is  too  powerful  (supplies  too  much  air)  even  for  the  highest  rate  of 
burning  coal,  the  damper  must  never  be  fully  opened;  Otherwise  too 
much  air  will  pass  through  the  grates  and  fuel  will  be  wasted. 

In  order  that  the  approximate  capacity  of  a  stack  may  lie  cheeked 
inst   the  load  it  should  carry.  Table  :5  has  been  arranged  in  con- 
venient form  for  ready  reference.     Thus,  if  a  certain  boiler  plant   i^ 
burning  2,800  pounds  of  coal  an  hour  at  its  maximum  capacity  and  the 
stack  is  100  feet  high,  the  diameter  should  be  60  inch' 

Table  3  is  a  modification  of  William  Kent  s  stack  table  and  i- 

liable  for  the  ordinary  rates  of  combustion  with  bituminous  coals. 
The  values  in  the  table  give  the  pounds  of  coal  buncd  per  hour.  With 
coal  of  fair  grade  it  i^  aecessary  to  burn  about  five  pounds  per  boiler 
horse-power,  but  with  low  grade  bituminous  coal  it  is  necessary  t<> 
burn  from  six  to  eight  pounds  per  boiler  horse-power.  \Pot  example, 
in  the  boiler  plant  already  considered,  burning  2,800  pounds  ol  coal  an 
hour,  a  stack  100  feel  high  and  60  inches  in  diameter  would  provide 
only  for  100  boiler  hors. -power,  if  a  poor  grade  "f  middle  western  • 
was  naed  requiring  Beven  pounds  per  boiler  horse-po* 
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Table  3 
Stack  Sizes  Based  on  Kent's  Formula 


u 

Height  of  stack  in  feet 

li 

WW 
mm 

1-1 

o 

50 

60 

70 

80 

90    100 

110 

125 

150 

175 

U 

Pounds  of  Coal  Burned  per  Hour 

33 

5.94 

530 

575 

625 

665 

705 

745 

30 

33 

36 

7.07 

645 

705 

760 

815 

865 

910 

32 

36 

39 

8.30 

775 

845 

915 

980 

1040 

1095 

1145 

1225 

35 

39 

42  . 

9.62 

915 

1000 

1080 

1155 

1225 

1290 

1355 

1445 

1580 

38 

42 

4S 

12.57 

1230 

1345 

1450 

1555 

1650 

1740 

1825 

1945 

2130 

2300 

43 

48 

54 

15.90 

1590 

1740 

1880 

2010 

2135 

2245 

2360 

2515 

2755 

2975 

48 

54 

60 

19.64 

2000 

2185 

2365 

2525 

2680 

2825 

2965 

3160 

3460 

3740 

54 

60 

66 

23.76 

2450 

2685 

2900 

3100 

3290 

3470 

3640 

3800 

4245 

4590 

59 

66 

72 

28.27 

2955 

3230 

3490 

3735 

3960 

4175 

4380 

4670 

5115 

5525 

64 

72 

78 

33 .  18 

3500 

3830 

4140 

4425 

4695 

4950 

5190 

5535 

6060 

6550 

70 

78 

84 

38.48 

4090 

4480 

4840 

5175 

5490 

5785 

6070 

6470 

7090 

7655 

75 

84 

Height  of  Stack  in  Feet 

100 

110 

125 

150 

175 

200 

225 

250 

Pounds  of  Coal  Burned  per  Hour 

90 

44.18 

6690 

7015 

7480 

8195 

8850 

9465 

10040 

10580 

80 

90 

96 

50.27 

7660 

8080 

8565 

9380 

10135 

10835 

11490 

12115 

86 

96 

102 

56.75 

8695 

9120 

9720 

10650 

11500 

12295 

13045 

13750 

91 

102 

108 

63 .  62 

9795 

10270 

10950 

11960 

12960 

13850 

14695 

15490 

98 

108 

114 

70.88 

10960 

11495 

12255 

13425 

14500 

15500 

16440 

17330 

101 

114 

120 

78.54 

12190 

12785 

13630 

14930 

16130 

17240 

18285 

19275 

107 

120 

86.59 

13485 

14145 

15080 

16515 

17840 

19070 

20230 

21325 

112 

126 

132 

95.03 

14850 

15570 

16605 

18185 

19645 

21000 

22275 

23480 

117 

132 

144 

1  13.10 

17770 

18630 

19865 

21760 

23505 

25130 

26655 

28090 

128 

144 

2  73 

20950 

21965 

23420 

25655 

27710 

29625 

31425 

33120 

138 

156 

168 

153  94 

24390 

25575 

27270 

29870 

32270 

34495 

36590 

38565 

150 

168 

"Draft"  is  in  Reality  a  Pressure 

\-    must   be  remembered  that  air  enters  the  ashpit,   or  rushes 

through  the  open  fire  door,  or  through  any  cracks  or  crevices  in  the 

ting  or  breeching  because  the  surrounding  outside  air  is  always 
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.).» 


heavier  than  the  hot  flue  gas  in  the  stack  and  setting,  and  hence 

an  inward  pressure  at  all  points.     The  so-called  "draft"  over  the 

grate  as  shown  by  a  draft  gage  (Figs.  3  and  4  is  an  indication  of  this 
difference  in  pressure  or  tendency  for  the  outside  air  to  crowd  its  way 
into  the  furnace  and  boiler  setting.  In  order  to  understand  why  this 
tendency  exists  and  why  draft  is  a  true  pressurt    and  not  a  suction 


Jection  -  fsq.  in. 


L2.      [80MSTRIC  Skih  n   [LLU8TRATING  thi;  PRINCIPLE  TBAT  Limit  FLUID 

Gasks  .\ia;  l'i  BHXD  UPWABD  WHEN  in  CONTACT  with  IIkwh  .   ' 

In  ti.                           ••  r  fluid,  oil   (shown  in  red),  ii  poshed  up  by  ti 
The  force  poshing  ti ii  up  the  tabs  ii 

refer  to  Pig.  12.  It  will  be  evident  that,  sine.'  the  column  of  wi 
two  feet  high  weighs  more  per  Bquare  inch  than  a  similar  column 
oil.  tlic  water  will  push  the  oil  ap  the  tube  In  the  Bame  way  that  the 
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cold  outside  air  pushes  through  the  grates  of  a  boiler  furnace  and 
forces  the  hot  flue  gas  up  the  chimney.  If  there  is  a  fire  burning  on 
the  erate  the  action  is  continuous,  and  outside  air  will  continue  to 


Upper  /imit  of  atmosphere*  |. 


►-.■•.■:i     J    &  ^ 


column  a 
b 
c 
d 
e 
f 


•  Total  draft  ai/oitab/e  at  damper 

-  Loss  of  draft  through  boiler  tubes. 

-  Draft  available  at  rear  arch. 

-  Loss  of  draft  between  furnace  and  rear  arch 

-  Draft  a*er  fire  in  furnace 

-  Loss  of  draft  through  grates  and  fuet  bed 
-Loss  of  draft  through  ash  pit  door  opening. 


|    ! 

I 

I I 


I    £ 


.T|        ^ 


3  ? 


1^ 


Cage  Doard 
Draft  gages  read 'in  inches  water 


1      I 
\     \ 


\y-r-H 


ttoTE:  The  inward  a/r 
pressure  against  the 
setting  of  this  point- 
is  equiYOtent  to  the  water 
cotumnic)  on  goge  board. 
3ee  goge  No  2 


lit* 

ijlS 

till 


Pressure  \in •••  water co/umn (el 


*-j?3^ 'Grate  line 

A/r  enters  nere  under  a 
water  pressure  bead  ega/y- 


Fig.  13. 


a/ent  to  cotumn  (g)  on  gage 
board  See  gage  A' ° 4 

Sketch   Showing  Variations   in   Draft  at   Different  Points   and 
Indicating  Tendency  Toward  Air  Leakage 


enter  the  ashpit  (Fig.  13)  and  push  its  way  through  the  bed  of  fuel 
on  the  grate,  thus  promoting  the  combustion  of  the  fuel. 

Air  Leaks  Affect  the  Draft  and  Waste  Coal 
if  cold  air  leaks  into  the  setting  at  any  point,  it  will  result  in  two 
forms  of  fuel  waste.  First,  it  will  cool  the  gases  in  the  setting  and  in 
the  chimney  and  will  make  the  draft  less.  This  may  make  it  difficult 
to  hum  the  fuel  properly.  Secondly,  the  air  which  has  leaked  in  must 
be  warmed  up,  thus  taking  heat  away  from  the  boiler  and  wasting  it 
through  the  chimney,  and  finally  this  air  will  so  increase  the  volume 
of  flue  gas  that  it  may  be  difficult  for  the  chimney  to  handle  the  in- 
volume  of  flue  gas  even  with  the  damper  wide  open. 
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Breechings  for  a  Battery  of  Two  or  More  B 

Many  breechings  serving  more  than  one  boiler  are  condemned  as 
being  too  small  because  so  much  unnecessary  air  is  Leaking  into  the 
various  settings  that  the  breeching  cannot  handle  both  the  Leak 
and  the  necessary  flue  gas.     By  systematically  stopping  all  tl. 
such  a  breeching  will  often  easily  ham  He  the  flue  g  Iting  from 

the  minimum  air  supply  actually  required  for  burning  the  fuel. 
Breechings  should  be  at  least  f ro  n  10  to  15  per  cent  greater  in  area 
than  the  stack  to  which  they  connect. 

The  individual  boiler  dampers  in  the  throat  or  uptake  connecti 
opening  into  a  breeching  should  fit  accurately  and  close  tightly,  other- 
wise it  will  be  impossible  to  prevent  cold  air  from  entering  tic  main 
breeching  through  the  damper  of  ;i  "dead"  boiler.  This  will  often 
seriously  affect  the  operation  of  all  the  other  boilers  by  "checki] 
the  draft  of  the  stack  which  serves  the  boilers  connected  to  this  breech- 
ing. 

Breechings  should  be  as  short  and  straight  ;is  possible,  and  should 
have  no  sharp  angles  around  which  the  flue  gases  may  swirl  and  eddy 
in  their  passage  to  the  Mack.  The  bad  effect  of  sharp  angles  is  shown 
in  the  stack  connection  marked  "B"  in  Fig.  14.  The  method  of  cor- 
recting this  difficulty  is  shown  at  "A"  in  the  same  figure.  Breech- 
ings  should  be  covered  with  a  good  heat  insulating  materia]  <>r  lined 
with  a  refractory  brick  or  vitrified  material. 

All  boiler  dampers  should  be  "calibrated,"  that  is;  should  1 
the  operating  lever  or  chain  so  marked  and  Bel  that  the  draft  for  boiler 
No.  1,  nearest  the  stack  (Fig.  14),  will  be  no  greater  than  for  boiler 
No.  3,  farthest  from  the  stack,  when  both  boilers  are  clean  and  I 
the  same  thickness  of  fuel  bed.     To  accomplish  this  result   it   may 
found  that  the  damper  on  the  nearest  boiler  must  he  nearly  closed  D 
of  the  time.    If  all  dampers  are  set  at  the  same  angle  without  i 
to  their  location  with  reference  to  the  stack,  too  much  air  will  ■_'<> 
through  the  nearest  boiler  <>r  the  farthest  boiler  will  get  too  little  air 

and  suffer  a  loss  in  capacity. 

Conditions  Under  Which  a  stack  Will  Operate  Economically 

If  fuel  is  to  he  used  econom ical ly .  tic  stack  must  supply  the  fur- 
nace with  just  enough  air  to  burn  the  fuel  completely.  This  can  only 
be  done  when  the  following  conditions  are  obeen 
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(1)  The  setting  must  be  made  air  tight.* 

(2)  All  doors  and  door  frames  opening  into  Betting  and  brc 
ing  must  be  made  to  fit  air  tight. 

(3)  The  breeching  and  stack  should  likewise  be  made  air  tight 
and  should  be  well  insulated  to  prevent  heat  Losfl  from  the 
flue  gases  so  that  all  the  heat  in  the  gases  may  be  available 
for  creating  draft. 

(4)  The  air  used  for  burning  the  fuel  should  all  enter  thr< 

the  ashpit,  except  a  limited  and  carefully  regulated  air  supply 
which  should  be  admitted  through  the  fire  door  after  firing 
fresh  coal. 

(5)  When  natural  draft  is  employed,  the  control  of  the  air 
should  be  accomplished  by  operating  the  stack  or  breeching 
damper  according  to  the  rate  of  burning  coal  and  never  by 
opening  and  closing  the  ashpit  doors. 


*  A   ramllc   fl.iinr   is  eommonl;  11   bo 

draws  lata  rdj   ereriec  through  which  mr  is  uttering. 
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VI.     Feed  Water  Heating  and  Purification  as  Factors 

in  Fuel  Economy 

17.  Feed  ^Yater  Purification. — The  majority  of  waters  used  for 
boiler  feeding  purposes  contain  more  or  less  impurities  which  are 
deposited  in  the  boiler.  Such  deposits  of  foreign  matter  tend  to  de- 
crease the  evaporative  capacity  of  the  boiler  and,  if  they  are  not  re- 
moved, will  frequently  cause  overheating  of  tubes  and  sheets.  To 
overcome  these  difficulties  the  impurities  in  the  feed  water  should  be 
removed  before  feeding  into  the  boiler. 

For  convenience  of  reference,  the  impurities  most  often  found 
in  feed  water  and  their  effects  upon  the  sheets  and  tubes  if  permitted 

Table  4 
Impurities  in  Feed  Waters,  their  Effects  and  Kemedies1 


Impurities 

Effects 

Remedies 

1 

2 

3 

Sediment,  mud,  clay,  etc. 
Bicarbonates  of  lime,  magnesia 
Sulphates  of  lime  and  magnesia 

Incrustation  and  the  for- 
mation of  sludge 

Settling  tanks,  filtration,  blowing 
down. 

Blow  down. 

Heat  feed  water.     Treat  by  adding 
lime. 

Treat   by    adding   soda.     Barium 
carbonate. 

Chloride  and  sulphate  of  magnesia 

A<id 

Dissolved  carbonic  acid  and  oyx- 
gen 

Organic  matter 

Corrosion 

Treat  by  adding  carbonate  of  soda. 

Soda  or  lime. 

Heat  feed  water.  Keep  air  from 
feed  water.  Add  caustic  soda 
or  slacked  lime. 

Filter.  Iron  alum  as  coagulant. 
Neutralize  with  carbonate  of 
soda.  Use  the  best  of  hydro- 
carbon oils. 

Filter.     Use  coagulant. 

Sewage 

Readily     soluble     salts     in     large 
quantity 

Carbonate     of     soda     in      large 
quantit.. 

Priming 

Settling     tanks.     Filter     in     con- 
nection with  coagulant. 

Blow  down. 

Barium  carbonate.  New  feed 
supply.  If  from  over  treat- 
ment, change  or  modify. 

1  "Steam,"  published  by  Babcock  &  Wilcox  Company. 

2  May  cause  brittleneaa  in  plates.     See  Bulletin  94,  Eng.  Exp.  Sta.  Univ.  of  111.,  "The  Embrittling 
Action  of  (Sodium  Hydroxide  on  Soft  Steel,"  by  S.  W.  Parr. 

to  enter  the  boiler  are  given  in  columns  1  and  2  of  Table  4.     In  the 
last  column  of  this  table  are  given  the  usual  remedies  employed  to 
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neutralize  or  to  prevent  to  a  certain  degree  the  effects  prodd 1  by  the 

various  impurities.    Some  of  the  impurities  found  in  feed  water  cause 
the  formation  of  scale  on  the  sheets  and  tubes,  others  •  corro- 

of  the  metal,  and  still  others  produce  priming,  or  the  carrying  over  of 
particles  of  water  with  the  steam  as  the  latter  leaves  the  boiler. 

18.  Treatment  of  Feed  Waters. — One  of  the  best  ways  of  deter- 
mining the  remedy  to  be  applied  in  overcoming  the  injurious  eff< 
of  the  impurities  contained  in  the  feed  water  is  to  submit  a  Bample  of 
the  water  to  a  reliable  chemist  for  analysis  and  prescription.  After 
such  an  analysis  has  been  made  it  is  possible  to  ascertain  which  one  of 
the  following  treatments  should  be  applied,  chemical  treatment,  heat 
treatment,  or  combined  heat  and  chemical  treatment. 

Chemical  Treatment 

The  chemical  treatment  of  feed  water  involves  the  use  of  either 
the  lime  or  the  soda  process  or  a  combination  of  these  two.  The  I 
of  these  processes  in  which  slacked  lime  is  used  is  well  adapted  for 
precipitating  the  bicarbonate  of  lime  and  magnesia  contained  in  the 
feed  water.  In  the  soda  process  carbonate  of  soda  or  caustic  toda, 
either  separately  or  together,  is  used  for  converting  the  sulphates  of 
lime  and  magnesia  into  carbonates  or  chlorides  which  may  be  dispo- 
of  by  occasional  blowing  off.  The  combination  of  the  lime  and  soda 
processes,  however,  is  most  frequently  used.  It  is  satisfactory  for 
treating  water  containing  sulphates  of  lime  and  magnesia,  carbonic 
acid,  or  bicarbonates  of  lime  and  magnesia.     In  this  pr  the  sul- 

phates are  broken  down  by  the  use  of  sufficient  soda,  and  the  necessary 
lime  is  added  to  absorb  the  carbonic  acid  not  taken  up  in  the  soda 
action. 

Heat  Treatment 

The  bicarbonates  of  lime  and  magnesia  SO  often  found  in  natural 
waters  may  be  partially  precipitated  by  preheating  the  feed  water  in 
some  form  of  apparatus  commonly  called  a  heater.     The  Bulphat 
lime  and  magnesia,  however,  require  high  temperatures  for  comp 
precipitation  and  it  is  impossible  to  remove  these  impurities  b; 
simple  process  of  preheating  in  the  ordinary  heater  using  exha 
steam.     Instead,  live  Bteam  heaters  ami  economizers  are  required  for 
removing  them. 
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Combined  Chemical  and  Heat  Treatment 

Since  preheating  of  feed  water  removes  the  carbonates  of  lime 
and  magnesia,  many  water  purification  systems  combine  the  chemical 
and  heat  treatments  discussed  in  the  preceding  paragraphs,  the  chem- 
ical treatment  being  used  merely  for  reducing  the  sulphates. 

19.  Boiler  Compounds. — So-called  boiler  compounds  are  used 
rather  extensively  for  treating  feed  water  and  no  doubt  in  many  cases 
the  results  obtained  are  satisfactory.  According  to  reliable  authori- 
ties the  use  of  compounds  is  recommended  for  the  prevention  of  new 
scale  rather  than  for  the  removal  of  old  scale.  In  general,  no  com- 
pound should  be  used  until  the  proper  advice  has  been  obtained  to  in- 
sure the  selection  of  the  right  compound  for  the  particular  feed  water 
to  be  treated.  In  no  event  should  the  use  of  boiler  compounds  be  re- 
garded as  a  suitable  substitute  for  regular  cleaning  and  inspection. 

20.  Feed  Water  Heaters. — In  any  power  plant  of  considerable 
size  cold  water  should  not  be  fed  into  the  boilers,  since  all  steam  boilers 
are  more  or  less  seriously  affected  by  the  resulting  unequal  expansion 
and  contraction.  If  cold  water  is  forced  into  the  boiler,  the  tubes  of 
water  tube  boilers  are  very  likely  to  become  troublesome  while  in  re- 
turn tubular  boilers  the  seams  are  liable  to  develop  leaks.  Further- 
more the  feed  water  cannot  be  converted  into  steam  until  its  temper- 
ature is  raised  to  the  point  controlled  by  the  steam  pressure,  and  to  do 
that  requires  fuel.  If  the  temperature  of  the  feed  water  can  be  raised 
by  means  of  heat  which  otherwise  would  be  wasted,  it  is  good  economy 
to  do  so.  The  preheating  of  feed  water  also  increases  the  steaming  ca- 
pacity of  the  boiler,  because  of  the  reduction  in  the  amount  of  heat  to 
be  supplied  by  the  boiler  per  pound  of  water  evaporated.  With  certain 
types  of  feed  water  heaters  a  considerable  portion  of  the  scale  forming 
ingredients  are  precipitated  before  the  water  enters  the  boiler,  thus 
increasing  the  efficiency  and  capacity  of  the  boiler  as  well  as  effecting 
a  saving  in  the  expense  of  cleaning  out  the  boiler.  In  general,  it  may 
be  stated  that  one  per  cent  of  fuel  is  saved  for  every  eleven  degrees 

e  in  the  feed  water  temperature,  provided  the  heat  producing  this 
in  temperature  would  otherwise  be  wasted. 

In  steam  power  plants  there  are  two  main  sources  of  waste  heat, 
the  first  being  the  exhaust  steam  of  the  various  units,  and  the  second 
the  products  of  combustion  which  pass  from  the  boiler  to  the  chimney. 
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The  heat  contained  in  the  drips  from  the  high  pressure  piping  system 
is  also  a  source  of  loss  in  many  small  plants,  although  its  extent  ifl  not 
great.  Condensation  in  the  high  pressure  system,  which  includes  all 
piping  under  pressure  practically  equivalent  to  boiler  pressure,  ifl 
free  from  oil  and  should  be  returned  to  the  feed  water  heater  by  me 
of  pumps  or  traps.  If  desired  the  condensed  steam  may  be  returned 
directly  to  the  boiler.  In  steam  power  plants,  high  pressure  rti 
traps  are  generally  used  for  automatically  draining  the  condensation 
from  the  high  pressure  Lines. 

Exhaust  Steam  Heaters 

Ileal. mn  using  exhaust  steam  for  heating  the  water  may  be  either 
of  the  "i><  n  or  closi  d  typi . 

An  open  heater  is  one  in  which  the  exhaust  steam  and  water 
mingle,  the  steam  in  condensing  giving  up  its  heat  directly  to  the 
water.  In  general  an  open  heater  consists  of  a  shell  the  upper  part  of 
which  contains  a  Dumber  of  removable  trays.  The  function  of  tl 
trays  is  to  break  op  the  incoming  feed  water  into  thin  streams  or 
layers.  In  passing  over  the  trays,  the  water  mingles  with  the  exhaust 
steam,  and  if  sufficient  steam  is  supplied  temperatures  as  high  as  210 
degrees  P.  may  result.  It  is  evident  that  in  an  open  heater  only  those 
scale  forming  ingredients  which  will  precipitate  below  -10  degl 
P.  will  be  deposited  in  the  heater.     Below  the  trays,  the  heater 

provided   with  a  bed  of  coke  or  charcoal   through   which   the  water   is 

filtered  before  the  feed  pump  sends  it  into  the  boiler.  The  function 
of  the  coke  or  charcoal  filter  is  to  remove  the  precipitates  and  other 
suspended  impurities  coming  into  the  heater,  open  heaters  should 
always  be  supplied  with  a  suitable  oil  separator  for  removing  any  oil 

contained  in  the  exhaust  steam. 

Closed     Heaters 

In  a  closed  heater  the  exhaust   steam  and  U^'t\   water  do  me 

into  actual  contact  with  each  other,  the  Bteam  lt i \  i n lt  up  its  heat  to  the 

water  by  conduction.    In  one  type  of  closed  heater  the  exhaust  steam 

surrounds  tubes  through  which  the  water  passes.  In  a  BCCOnd  type, 
the  steam   passes  through   tUDCfl  which   are  surrounded   by   the  wat 

Closed  heaters  are  recommended  only  \'<>v  installations  where  the  fotd 
water  is  free  from  scale  forming  iu'j-n'dients.  gince  tier,'  is  a  tendency 
\'nv  the  tube  in  these  heaters  t"  become  coated  with  a  deposit  of 
thus  materially  decreasing  tic  efficiency  of  the  appai 
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Advantages  and  Disadvantages  of  Exhaust  Steam  Heaters 
The  advantages  of  an  open  heater  are  as  follows: 

(1)  The  feed  water  may  reach  approximately  the  temperature  of 
the  exhaust  steam  provided  sufficient  steam  is  supplied. 

(2)  Scale  and  oil  do  not  effect  the  transmission  of  heat. 

(3)  The  pressure  in  an  open  heater  is  low,  practically  atmos- 
pheric. 

(4)  Scale  and  other  impurities  precipitated  in  the  heater  may 
easily  be  removed. 

(5)  An  open  heater  is  well  adapted  to  heating  systems  in  which 
it  is  desired  to  pipe  the  returns  direct  to  the  heater. 

(6)  The  initial  cost  of  an  open  heater  is  generally  less  than  that 
of  a  closed  heater. 

(7)  With  the  open  heater  all  the  condensed  steam  is  returned  to 
the  system. 

The  disadvantages  of  an  open  heater  are  as  follows : 

(1)  Some  provision  must  be  made  for  removing  oil  from  the  ex- 
haust steam.  In  modern  open  heaters  this  is  accomplished 
by  effective  oil  separators  attached  directly  to  and  forming 
a  part  of  the  heater. 

(2)  "Sticking"  or  clogging  of  the  back  pressure  valve  may  sub- 
ject the  open  heater  to  excessive  pressure. 

(3)  If  the  feed  water  supply  is  under  suction,  open  heaters  may 
require  the  use  of  two  pumps,  one  for  hot  and  one  for  cold 
water. 

The  advantages  of  a  closed  heater  are  as  follows: 

H )  The  closed  heater  will  safely  withstand  any  ordinary  boiler 
pressure. 

(2)     Oil  does  not  come  in  contact  with  the  feed  water. 

It  is  the  only  type  of  heater  which  may  be  used  in  the  ex- 
haust main  between  a  prime  mover  and  its  condenser. 
\       Since  it  is  customary  to  locate  a  closed  heater  on  the  pressure 
side  of  the  feed  pump,  only  one  pump,  and  that  for  cold 
water,  is  necessary. 
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The  disadvantages  of  a  closed  heater  arc  a^  folio wb: 

(1)  Scale  and  oil  deposits  on  the  tubes  lower  the  heal   tra 
mission. 

(2)  The  temperature  of  the  feed  water  will  always  o  four 
to  eight  degrees  below  the  temperature  of  the  incoming 
haust  steam. 

(3)  Scale  in  the  tubes  is  removed  with  difficulty. 

21.  Economizers. — An  economizer  is  an  arrangement  of  vertical 
water  tubes  arranged  in  ne>ts.  Located  in  the  flue  between  the  boiler 
and  the  stack.  Its  purpose  is  to  heat  the  feed  water.  The  adjac 
nests  of  tubes  are  connected  together  by  means  of  expansion  bends. 
To  prevent  deposits  of  soot,  the  tubes  are  provided  with  automatic 
scrapers  which  are  kept  moving  up  and  down  by  means  of  a  suitable 
mechanism  driven  by  a  motor  or  a  small  steam  engine.  Since  the 
temperature  of  the  flue  gases  is  generally  about  550  degrees  P.,  it  is 
evident  that  considerable  heat  escapes  through  the  chimney.  In  Lren- 
eral,  the  load  factor,  the  size  of  the  plant,  and  the  cost  of  fuel  are 
factors  which  should  be  considered  in  determining  the  advisability  of 
installing  an  economizer. 

22.  Live  Steam  II<nt<  rs. — Live  steam  heaters  ose  steam  at  boiler 
pressure  and,  as  mentioned  in  a  preceding  paragraph,  are  primarily 
intended  for  purifying  the  feed  water.  .Such  heaters  are  generally  qo1 
installed  unless  scale  forming  impurities  are  found  in  the  water.     A.1 
temperatures  less  than  300  degrees  F.  the  sulphates  of  lime  and  mag 
aesia  do  not  entirely  precipitate:  hence  a  feed  water  containing  tl 
impurities  will  not  be  thoroughly  purified  by  preheating  with  exhaust 
steam  at  atmospheric  pressure.    Reports  of  tests  ten. I  to  show  that 
steam  heaters  do  not  increase  boiler  efficiency,  but  merely  ad  as  puri- 
fiers.   Live  Bteam  heaters  should  always  be  by-passed  and  s<»  located 

that  the  bottom  of  the  shell   is  at    least   tWO  feet   above  the  water  lei 

in  the  boiler,  thus  permitting  the  purified  water  t<>  gravitate  into  the 
boiler. 

'S.\.     Feeding  Boilers.     Water  is  fed  t.>  the  boiler  by  n  i 
injector  or  a  pump  depending  upon  th  •  size  of  the  plant.    The 

an  injector  does  not  permit  preheating  the  feed  water  bj 
an  open  heater;  hence  relatively  r<»M  water  is  introduced  into  tie- 
boiler,  thus  decreasing  the  economy  of  tie-  plant.     It  is  p 
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install  hot  ween  the  injector  and  the  boiler  a  closed  heater,  but  in  such 
an  installation  the  effectiveness  of  the  heater  is  decreased  because  of 
the  heat  supplied  by  the  injector.  Frequently  it  is  claimed  that  an 
injector  considered  as  a  combined  pump  and  heater  has  an  efficiency 
of  one  hundred  per  cent  since  all  the  heat  in  the  steam  used  for  operat- 
ing the  injector  is  returned  with  the  water  forced  into  the  boiler.  Con- 
sidered as  a  pump  the  injector  is  very  inefficient  since  it  requires  much 
more  steam  to  force  a  given  amount  of  water  into  the  boiler  than  is  re- 
quired by  a  pump  to  do  the  same  amount  of  work.  Furthermore  when 
a  pump  is  used  for  feeding  boilers,  the  exhaust  steam  from  the  pump 
may  be  used  for  preheating  the  feed  water.  According  to  tests,  a 
direct  acting  steam  pump,  feeding  water  through  a  heater  in  which 
the  exhaust  steam  of  the  feed  pump  is  utilized,  shows  a  much  greater 
saving  of  fuel  than  an  ejector  with  or  without  a  heater.  In  general 
the  feed  pump  must  be  located  below  the  water  level  in  the  heater, 
preferably  about  three  feet  below,  since  hot  water  cannot  be  lifted 
by  suction. 

In  order  that  it  may  be  possible  to  check  the  efficiency  of  the 
boiler  as  well  as  that  of  the  fireman  or  to  determine  the  most 
economical  fuel,  the  feed  water  system  should  include  some  form  of 
metering  device  for  measuring  the  water  fed  to  the  boilers.  There 
are  a  number  of  metering  devices  on  the  market  some  of  which  are 
permanently  accurate  and  some  of  which  must  be  checked  up  at  fre- 
quent intervals.  There  are  now  several  manufacturers  of  feed  water 
heaters  who  are  prepared  to  furnish  heaters  equipped  with  water 
measuring  devices. 

In  addition  to  measuring  the  amount  of  water  fed  to  a  boiler, 
provision  should  be  made  for  weighing  the  coal  used  by  each  boiler, 
thus  affording  a  means  of  determining  for  each  boiler  the  evapora- 
tion per  pound  of  fuel.  This  will  also  make  it  possible  to  compare 
the  performance  of  any  two  boilers  in  the  plant. 

For  the  majority  of  small  boiler  plants  the  feed  water  should 
be  introduced  into  the  boiler  at  a  constant  rate  rather  than  intermit- 
tently ;is  is  too  frequently  done. 
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VII.     Steam  Piping  Requirements  pob  Fuel  Economy 

in  Small  Plants 

24.  Possibility  of  Fuel  Loss  in  th<  Transmission  of  Steam-  In 
order  to  promote  the  economical  use  of  coal,  the  steam  generated 
should  be  transmitted  to  the  point  of  nse  with  as  Little  loss  of  both 
heat  and  steam  as  practicable.  This  means  thai  the  piping  system 
should  be  as  simple  as  possible  and  well  insulated.  Only  short  direct 
runs  should  be  used  in  connecting  boilers,  engines,  and  other  appa- 
ratus 

All  branch  lines  not  in  us.'  should  have  the  valves  closed  so  that 
im  cannot  enter  them  and  waste  heat  by  condensing  in  these  dead 
ends,  and  the  stop  valves  should  be  Located  I  Pig.  15)  so  as  to  accom- 
plish this  purpose.  If  the  engine  shown  in  Fig.  15  is  shut  down  for 
any  Length  of  time  the  valves  at  both  ends  of  the  engine  Lead  should 
be  closed  to  prevent  steam  from  condensing  in  and  filling  up  this 
lead. 

25.  Value  of  High  Pressure  J)ri{>.<  as  Hoi  Feed  Water.   -Each 
high  pressure  header  and  steam  separator  should  be  dripped     Pig.  15 
and   the  hot  water  returned  to  the  feed-water  heater,   which   should 
he    included    in    the   equipment    of   every    power    plant    since    each    11 

degrees  F.  increase  in  the  feed-water  temperature  will  effeel  a  sav 

ing  of  nearly  one  per  cent  in  the  coal  burned.     In  no  «-;ist'  should  cold 

water  be  fed  direct  to  the  boilers,  even  if  live  steam  has  to  he  i, 
for  heating  it. 

The  oily  drips  from  the  exhaust  steam  header  (Pig.  15  should 
he  discharged  to  the  Bewer  or  wasted  since  the  oil  they  carry  has  an 

injurious  effect  upon  the  boiler  tubes  and  shell,  and  may  do  much 
more  harm  than  the  fuel  value  of  the  heat  contained  in  these  drips 
is  worth. 

-Mi.  Lrahar/e  Losses  at  Valves  and  Fittings.  The  boiler  blow-off 
cock  or-  valve  must  be  perfectly  tight  to  prevent  the  esca]  iny 

hot    water  to   the   SCWOr   or  other   waste   channel.      If   the   end   of   this 

line  cannot  be  readily  inspected  to  make  rare  that  all  blow-off  vah 
are  tight,  then  a  tell-tale  connection     Pig.  l">    with  valve  should  be 
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placed  in  the  blow-off  line  beyond  the  main  cock  so  that  by  opening 
it  a  leak  at  the  blow-off  will  at  once  be  apparent. 

Leaks  of  hot  water  or  steam  which  appear  in  any  line  either  at  a 
valve,  flange,  or  other  fitting  should  be  stopped  immediately;  other- 
wise a  serious  waste  of  fuel  may  result  in  making  up  the  heat  so  lost. 
An  even  more  serious  condition  may  result  if  a  leak  is  so  located 
that  it  discharges  water  or  steam  over  any  part  of  the  boiler  or  over 
another  pipe  since  corrosion  is  very  rapid  in  such  a  case.  In  fact, 
such  leaks  have  started  corrosion  which  later  resulted  in  boiler 
explosions. 

27.  Size  of  Steam  and  Exhaust  Mains. — The  size  and  length 
of  steam  and  exhaust  mains  may  adversely  affect  the  fuel  consump- 
tion of  a  plant  if  these  lines  are  either,  (1)  too  small,  or  (2)  too 
large  for  the  proper  handling  of  the  steam  they  have  to  carry.  Gen- 
erally, the  lines  are  too  small,  but  this  is  not  always  the  case. 

If  the  steam  main  between  boiler  and  engine  is  too  small  or  too 
long,  it  will  be  necessary  to  carry  a  much  higher  pressure  at  the 
boiler  than  would  otherwise  be  necessary  in  order  to  get  the  required 
pressure  at  the  engine.  The  excessive  friction  in  small  steam  lines 
Piuses  this  loss  in  pressure,  and  if  the  main  is  also  very  long  the 
loss  will  be  still  more  pronounced.  Steam  gages  at  the  boiler  and  at 
the  engine  throttle  should  not  show  a  difference,  or  a  drop  in  pres- 
sure of  more  than  five  pounds  when  the  engine  is  running  at  full 
capacity.  Should  it  be  necessary  to  carry  a  much  higher  pressure 
at  the  boiler  than  at  the  engine  in  order  to  get  a  satisfactory  opera- 
ting pressure,  some  unnecessary  coal  must  be  burned  since  all  the 
heat  losses  will  be  slightly  increased  and  leaks  will  be  somewhat 
more  likely  to  develop. 

On  the  other  hand,  if  this  main  is  too  large   (which  is  not  so 

serious)  the  pressure  at  the  engine  throttle  will  be  almost  the  same 

that  at  the  boiler  when  running  at  full  capacity.     The  heat  losses 

from   oversize   pipes  and  fittings  are   greater  and   the  first   cost  of 

illation  is  higher  than  for  mains  of  the  proper  size. 

In  the  case  of  the  exhaust  main,  the  size  is  most  important  since 
the  steam  has  now  expanded  and  occupies  a  much  greater  volume 
than  when  it  left  the  boiler.  This  exhaust  steam  must  be  discharged 
from  the  engine  at  the  lowest  possible  back  pressure  if  the  engine  is 
to  get  the  most  work  out  of  each  pound  of  steam  supplied  to  it  and 
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hence  develop  the  greatest  power.     With  exhaust  piping  which 
small,  a  steam  gage  on  the  line  will  show  a  back  pressure  of  more  than 

two  pounds  which  means  that  more  steam  is  being  taken  into  the 
engine  to  do  the  work  than  is  necessary.  This  in  turn  means  coal 
wasted.  Exhaust  mains  are  almost  never  too  large,  but  in  such  <•• 
the  excess  heat  loss  due  to  radiation  from  large  exhaust  mains  is  not 
so  serious  as  in  the  case  of  high  pressure  steam  mains  since  the  tem- 
perature of  exhaust  steam  is  very  much  less  than  that  of  live  steam. 

28.     Heeit  InstUativ  /  Mat)  rials  Required  on  Piping,  Boiler*,  and 

Breechings. — The  desirability  of  covering  or  insulating  all  high  tem- 
perature surfaces  around  a  boiler  and  power  plant,  when  fuel  ifl 
expensive  and  as  difficult  to  obtain  as  at  present,  is  self  evident.  It 
can  be  shown  that  by  covering  all  steam  and  hot-water  pipes,  fit- 
tings, flanges,  and  valves  enough  heat  can  be  saved  as  compared  with 
the  loss  from  bare  pipe  to  pay  for  the  labor  and  covering  material  in 
a  very  few  months.  This,  of  course,  applies  to  the  ordinary  com- 
mercial coverings  ranging  from  one  to  two  inches  in  thickness.  Table 
5  shows  the  saving  per  year  for  100  feet  of  covered  pipe  in  pounds 
of  coal  and  in  dollars  with  coal  at  $5.00  per  ton    (2,000  pounds). 

The  best  commercial  coverings  one  inch  in  thickness  will  save 
or  prevent  the  escape  of  from  75  per  cent  to  85  per  cent  of  the  heat 
lost  from  bare  pipes.  The  thickness  of  the  coverin«_r  should  be  varied 
with  the  temperature  of  the  steam  or  water  in  the  pipe  line,  but  in 
general  it  will  pay  to  use  not  less  than  one  inch  on  all  lines  winch  , 
at  200  degrees  F.  and  up  t<>  300  degrees  F.  Above  :!<>()  degrees  F. 
and  up  to  400  degrees  F.  it  is  advisable  to  use  1 1 ._,  inch  covering  and 
above  400  degrees  F.,  not   less  than  two  inches. 

The  actual  heal  saving  value  of  commercial  pipe  coverings  now 

on  the  market  has  been  the  subject  "1"  many  investigations.  The 
latest  work  in  this  field  has  been  done  by  D.  B.  McMillan*  at  the 
Fniversity  of  Wisconsin  and  the  charts  (Figs.  U\  and  17  have  been 
made  from  the  results  of  his  tests  on  bare  and  covered  five  inch  St 
pipe.  These  charts  show  how  the  heat  transmitted  by  bare  pipe  com- 
pares with  the  heat  transmitted  by  the  same  pipe  when  insulsfr 
The  values  of  only  s^ven  of  the  twenty  or  more  coverings  tested  are 
shown.     Their  efficiency  as  insulators  i->  easil)   Been  by  reading  I 
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Curi/es  toHen  from  "The  Meat  Insulating  Properties  of  Com- 
mercial Steam  Pipe  Coverings "  LdMcMillan  A5ME.  Dec  1915 
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150      ZOO     250     300      350      400     450 

Temperature  difference  in  degrees  Fahrenheit 
between  pipe  and  room  temperatures. 

17.     Chart  Showing  Heat  Lost  by  Bare  Steam  Pipe  and  Saving  which 
May  be  Secured  by  Using  a  Good  Covering 


scale  at  the  left  of  the  chart,  which  shows  the  heat  lost  or  transmitted 
per  hour  per  square  foot  of  pipe  surface  per  degree  difference  of 
P<:rature  between  the  steam  in  the  pipe  and  the  air  outside.     The 
heat  loss  is  expressed  in  B.  t.  u.* 


*  For  a  definition   of   B.  t.  u.   see  foot-note,   p.   17. 
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The  importance  of  covering  steam  lines  operating  at  high  pn 
sures  and  temperatures  is  emphasized  by  Pig.  17.     It  will  be  Been 
reference  to  the  upper  curve  in  this  diagram  that  the  heat  Loss  per 
square  foot  from  an  uncovered  five-inch   Bteam   line  increases   \ 

rapidly  as  the  temperature  of  the  steam   in  the  line   Increases, 
covering  the  line  with  a  good  insulator.   qo1   only   is  a   large  saying 
effected  by  reducing  the  heat  loss  (see  shaded  area),  but  the  inert 
in  the  heat  loss  per  square  foot  from  such  a  covered   line  at    high 
temperatures  is  very  much  less  than  for  a  bare  pipe. 

In  other  words,  it  is  most  important   to  cover  all  high  tempera 
ture  surfaces  which  are  in  contact  with  the  air. 

The  chart  (Fig.  17)  shows  that  with  steam  which  is  300  degn 
1\  above  the  temperature  of  the  outside  air  a  five-inch  diameter 
standard  bare  steel  pipe  transmits  about  3.3  B.  t.  u.  per  square  fool 
per  hour,  while  the  same  pipe  covered  with  "Nonpariel  High  Pres- 
sure  Covering"  transmits  (Fig.  16)  only  0.425  B.  t.  u.  per  hour  or 
thirteen  per  cent  of  the  heat  wasted  by  the  bare  pipe.  In  other 
words  about  seven-eighths  of  the  loss  has  been  stopped  by  the  cover- 
ing. 

29.  Requirements  for  a  Good  Covering, — A  satisfactory  pip" 
covering  must  be,  (1)  unaffected  by  heat  or  fire,  (2)  easily  molded 
and  light  in  weight,  (3)  impervious  to  or  unaffected  by  water  and 
steam,  (4)  non-corrosive  in  its  effect  upon  metals  steel,  iron  and 
brass),  (5)  structurally  fairly  strong  or  sell'  sustaining,  and  (6) 
sanitary  and  not  attractive  to  vermin  of  any  kind.  The  market 
affords  a  great  variety  of  materials  at  various  prices  which  arc  osed 
for  this  purpose.  But  the  purchaser  must  remember  that  he  is  buy- 
ing heat  insulation,  not  merely  covering,  and  lie  must  assure  himself 
that  the  material   is  a   practical  and  effective  insulator. 

In  this  connection,  it  should  be  noted   that   the  BOOt    which   C 
lects  on  the  boiler  tubes  where  no  insulation   is  desired   ifl  several 
times  as  good  an   insulator  as  asbestos,   and   thai    the   line  ash   which 
also  collects  on  the  tubes  is  almost  as  good  an   insulator  Bfl  ^<>"t.      In 
other  words,   if  it  is  advisable  and   economical   to  cover  Bteam    p 
with  insulation,  it  is  decidedly  more  economical  and  necessary  t«.  ! 
boiler   tubes  absolutely   .-lean   and    free    from    the    insulating  etv 

>t  and  ashes  at  all  times.    A  similar  argument  applies  I"  tic  I 

which   collects  on   the   water  side  of   the   tubes   or  shell   BJ   a    resull 
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infrequent  cleaning  or  failure  to  employ  suitable  treatment  for  the 

feed  water. 

}.  Bad  Effects  of  Water  of  Condensation  in  Steam  Lines.— 
\  !  only  Joes  an  uncovered  steam  line  waste  heat  by  transmission 
to  the  outside  air,  but  it  greatly  increases  the  condensation,  requir- 
ing the  boilers  to  furnish  more  steam  than  would  be  necessary  in  a 
covered  line.  It  also  adds  to  the  amount  of  water  to  be  handled  by 
the  traps,  and  results  in  excessive  wear  on  the  valve  seats  and 
through  the  steam  ports  of  the  engines.  If  a  trap  fails  to  operate 
properly,  the  accumulated  water  may  travel  along  with  the  steam  at 
high  velocity  and  develop  a  "water  hammer"  which  will  loosen  or 
break  some  fitting. 

31.  Uncovered  Pipes  Waste  Steam  as  Well  as  Coal. — The  owner 
of  a  power  plant  should  realize  that  an  uncovered  steam  main  wastes 
heat  and  that  it  should  therefore  be  covered.  The  loss  of  heat  means 
a  loss  of  steam  by  condensation  and  the  generation  of  steam  by  the 
boiler  plant  which  cannot  be  used. 

That  this  loss  is  serious  and  that  it  requires  the  boilers,  the  feed 
pumps,  and  the  traps  to  handle  much  more  water  than  would  be 
necessary  if  the  steam  mains  were  properly  covered  is  shown  by 
Fig.  18.  The  simple  computations  necessary  to  prove  this  statement 
for  a  typical  case  are  given  below.  The  plant  shown  in  Fig.  18  is 
operating  24  hours  per  day  for  365  days  per  year.  A  five-inch  steam 
main,  wrhich  is  uncovered,  carries  steam  at  150  pounds  gage  pres- 
sure to  an  engine  100  feet  away.  The  air  around  the  main  averages 
70  degrees  F.  and  the  feed  water  enters  the  boiler  at  200  degrees  F. 

(1)  Actual  tests  show  that  each  square  foot  of  pipe  loses 
3.25  B.  t.  u.  per  hour  for  each  degree  of  difference  in  tem- 
perature between  steam  inside  and  air  outside    (Fig.  17). 

(2)  The  outside  surface  of  100  feet  of  five-inch  pipe  amounts  to 
145.6  square  feet. 

The  total  heat  loss  from  the  pipe  per  hour  is : 
3.25  X  145.6  X  (366-70)  =140,000  B.  t.  u. 

The  temperature  of  saturated  steam  at  150-pound  gage  is 
366  degrees  P.) 
(4)     This  heat  is  obtained  by  condensing  not  by  cooling  some 
of  the  steam   in  the  pipe.     One  pound  of  steam  gives  up 
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858  B.  t.  u.  when  it  condenses  at  150  pounds  gage  pressure,  or 
the  uncovered  pipe  condenses        '  — =163  pounds  per  hour. 

(5)  In  one  year,  163  X  24  X  365  — 1,428,000  pounds  of  steam 
wasted;  that  is,  this  much  steam  never  reaches  the  engine. 
At  8  1-3  pounds  per  gallon,  171,200  gallons  of  water  have 
been  needlessly  handled. 

(6)  Expressed  in  another  way,  this  plant  has  evaporated  and 
sent  over  17  tank  cars  (of  10,000  gallons  capacity  per  car) 
of  water  into  this  line  which  did  not  perform  useful  work. 
This  represents  an  absolute  waste  of  coal,  of  steam,  and  of 
boiler  capacity.  At  least  75  per  cent  of  this  waste  couL 
have  been  prevented  by  covering  the  line. 

(7)  To  evaporate  each  pound  of  this  water  from  feed  water  a 
200  degrees  F.  took  168  +  858  =  1,026  B.  t.  u.  or  a  total  o 
1,026  X  163  =  167,300  B.  t.  u.  per  hour. 

(8)  At  60  per  cent  efficiency  each  pound  of  coal   (heat  valu 
taken  as  12,000  B.  t.  u.  per  pound)  gives  to  the  boiler  7,20* 
B.  t.  u.  or  the  plant  is  wasting  23.2  pounds  of  coal  per 
hour  to  supply  the  condensation  loss. 

(9)  The  coal  required  per  year  is: 

23.2  X  24  X  365  =  203,000  pounds  or  101.5  tons. 
(10)     This  means   that   this   plant  has  to  burn   about   2y2   cars 
of  coal  (holding  40  tons  each),  in  order  to  provide  for  this 
annual  heat  loss.     A  good  covering  would  stop  75  per  cent 
of  this  waste  and  save  two  whole  cars  or  80  tons  of  coal  a 
year.     Bare  steam  pipe  is  a  very  expensive  luxury  in  any 
power  plant. 
The  cost  of  labor  and  material  for  covering  100  feet  of  the  fivo- 
inch  main  referred  to,  including  two  valves  and  six  fittings,  is  esti- 
mated at  about  $160.     This  is  based  on  present  day  conditions  with 
the  plant  located  within  150  miles  of  Chicago,  using  the  best  85  per 
cent  magnesia  sectional  covering,  of  iy2  inches  in  thickness.    The  use 
of  asbestos  sponge  felted  covering  would  not  add  more  than  four  or 
five  per  een1  to  this  estimate,  and  if  this  work  could  be  executed  as 
part  of  a  large  covering  job  the  cost  could  be  reduced  about  twenty- 
or  thirty  per  cent. 
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VIII.     Record  of  Operation 

32.  Purpose  of  the  Record. — The  maintenance  of  such  r 

of  operation  as  may  be  necessary  to  e  iperintendent  or 

owner  of  a  plant  to  determine  with  reasonable  reliability  the  cost  of 
operation,  the  relative  efficiency  of  the  plant,  and  the  improven* 
from  time  to  time  is  essential.  For  practical  purpOfi 
to  the  performance  of  any  steam  generating  plant  lies  in  the  relation 
between  the  number  of  pounds  of  water  evaporated,  and  the  number 
of  pounds  of  coal  fired  less  the  weight  of  the  ash.  The  record  mnsl 
therefore  give  the  information  on  the  basis  of  which  this  relation 
may  be  determined  at  any  time,  and  it  should  also  contain  such  other 
data  as  may  be  required  for  detecting  and  remedying  any  defects  in 
operation  which  indicate  loss. 

33.  Character  of  the  Record.- — It  must  be  recognized  that  no 
satisfactory  record  of  operation  is  possible  unless  the  plant  is  equipped 
with  certain  checking  and  recording  devices  which  have  been  recom- 
mended in  the  preceding  |  if  this  discussion.  These  may  be  re- 
counted as  follow 

(1)  Means  of  weighing  the  coal  fired  for  each  boiler. 

(2)  Means  of  weighing  the  ash  removed  from  the  pit. 

(3)  Some  device  for  weighing  or  measuring  tl  ter  fed 
the  boiler  or  tl            o  delivered  by  the  boiler. 

A  thermometer  for  indicating  the  temperature  of  the  ft 
water. 

(5)  A  draft  gage  connected  into  the  Bpace  above  the  fuel  I 
and  into  the  ashpit, 

(6)  A  differentia]  drafl  connected  im<>  the  Bpace  afa 
the  fuel  bed  and  into  the  flue  gas  passage  near  the  p 

of   di  from    the    boiler. 

(7)  A  C(  )t  analyzer. 

(8)  A  pressnri  at  the  boiler    pressur  tould  .. 
be  supplied  at  the  end-  of  all               km  lin< 

A   pyrometer  for  indicating  the  temperature  of  the  flue 
leaving  the  Betting. 

Some  of  these  devices  are  already   pari  [uipmenf  o 
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plants  and  the  others  may  be  secured  at  so  slight  a  cost  in  proportion 
to  the  saving  to  be  effected  as  easily  to  warrant  their  installation. 

The  weighing  of  the  coal  does  not  present  any  difficulties.  The 
weighing  of  the  ashes,  however,  is  not  so  easy  owing  to  the  fact  that 
in  most  plants  the  ash  is  wetted  down  to  facilitate  handling  and  to 
the  possibility  of  a  certain  amount  of  unconsumed  coal  being  present 
In  the  ash. 

The  function  to  be  performed  by  each  item  of  equipment 
included  in  the  foregoing  list  has  already  been  explained.  The  first 
four  items  are  necessary  for  arriving  at  the  relationship : 

Number  of  pounds  of  water  evaporated 


Number  of  pounds  of  ash  free  coal  fired 

The  last  five  items  of  equipment  listed  are  needed  to  indicate 
the  source  of  any  defects  in  operation  or  troubles  which  may  be 
leading  to  losses. 

The  daily  record  of  operation  should  include  the  items  shown  in 
the  form  given  on  page  83. 

Items  1,  2,  and  3  of  this  record  should  cover  the  entire  shift 
of  the  firemen  for  each  boiler.  Items  4  to  9,  inclusive,  should  con- 
tain readings  taken  for  each  boiler  at  regular  intervals  (the  sug- 
gested form  provides  for  hourly  readings)  throughout  the  shift  as 
frequently  as  may  be  practicable.     The  choice  of  the  individual  to 

charged  with  the  responsibility  of  maintaining  this  record  is  a 
matter  which  will  depend  largely  upon  the  character  and  size  of  the 
existing  organization  of  each  plant.  In  some  cases  it  may  be  found 
tisfactory  to  entrust  the  matter  to  the  fireman;  in  others  it  may 
be  desirable  to  assign  it  to  some  other  employe.  It  should  be  recog- 
nized in  any  case  that  unless  the  record  is  maintained  with  reason- 
able care  and  accuracy  its  value  is  not  great.     If  carefully  kept  the 

sord  will  prove  a  means  of  stimulating  the  interest  and  coopera- 
tion of  employes  concerned  with  the  operation  of  the  plant  as  well 

'he  basis  for  effecting  economies  the  extent  of  which  will  in  most 
material. 
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34.  Profit  Sharing  or  Bonus  Systems. — In  some  plants  the 
practice  is  followed  of  permitting  firemen  and  other  employes  to 
share  in  the  savings  which  result  from  their  efforts.  Without  under- 
taking either  to  commend  or  to  condemn  the  profit  sharing  system  as 
applied  to  power  plant  operation,  the  suggestion  is  offered  that  in 
any  event  no  such  system  should  be  inaugurated  until  the  plant  is 
put  in  proper  condition,  i.  e.,  until  the  setting  has  been  made  tight 
and  is  well  covered,  until  live  steam  pipes  are  covered,  and  until 
such  other  changes  have  been  made  and  devices  installed  as  have  been 
herein  discussed.  Having  made  these  mechanical  changes  and  im- 
provements, the  importance  of  which  will  be  reflected  in  the  results 
of  operation,  the  earnest  cooperation  of  employes  concerned  with 
the  plant  is  essential  in  securing  the  maximum  benefits,  and  the 
application  of  a  profit  sharing  plan  may  in  some  cases  prove  the 
means  of  enlisting  this  cooperation. 
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IX.     Summary  of  Concluhio 

35.     Conclusions. — To    enable    the    plant    owner    to    determine 
whether  or  not  his  installation  conforms  with  the  requirements  of 
practice  promoting  fuel  economy  and  to  check  up  his   m 
operation,   the  essential   features   discussed   in   the   preceding   paf 

are  summarized  as  follows : 

Coal 

(1)  Practically  the  only  fuel   available   for   power   plant    use 
in  Illinois  under  present  conditions  is  bituminous  coal  from 
the   central    fields   of   Illinois,    Indiana,    and    western    K- m 
tucky. 

(2)  The  care  with  which  coal  is  "prepared,"  and  separated 
into  different  sizes  is  an  important  factor  affecting  its  value 
in  the  power  plant. 

(3)  The  B.  t.  u.  value  and  the  percentage  of  ash   furnish   a 
general  guide  to  the  relative  values  of  Illinois  coalfl 
erally   the   coals   having   the   lowest    ash    content    have    the 
highest  B.  t.  u.  value. 

(4)  The  storage  of  bituminous  coal   is   both   practicable  and 
desirable.     Certain  precautions,  however,  must  be  oh 
These  are  set  forth  in  detail  on  page  18.* 

Principles  to  be  Observed  in  Firing 

(5)  The  three  fundamental  conditions  accessary   \'>>v  comp] 
and  smokeless  combustion  of  bituminous  coal  are: 

(a)  A  sufficient  amount  of  air  musl  be  Bupplii 

(b)  The  air  and  fuel  must  be  ultimately  mixed. 

(c)  The  mixture  must  be  brought  to  the  ignition  tem- 
perature and  maintained  at  this  temperature  until 
combustion  is  complete. 

(6)  Since  bituminous  coal  from  the  central  field  ifl  practically 
the  only  fuel  available  at  present   for  power  plant  nai 
Illinois  the  boiler  Betting  and  the  plant  in  general  should 
be  adapted  to  the  economical  use  of  this  fuel. 


M  Univ.  of  III.   Eng    Exp.   Stn    Circular  6.  entit!' 
Coal."   by    II     II     Stoek. 
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(7)  Every  boiler  should  be  equipped  with  two  draft  gages, 
one  connected  directly  in  the  space  over  the  fire,  and  one 
connected  both  into  the  space  over  the  fire  and  into  the  gas 
passage  below  the  damper.  For  every  given  load,  the  draft 
necessary  to  carry  it  and  the  proper  thickness  of  fuel  bed 
with  the  grade  of  coal  used  should  be  determined. 

(8)  In  man}'  plants  of  large  and  medium  size  automatic  draft 
control  has  proved  economical,  and  it  is  also  of  advantage 
in  maintaining  constant  steam  pressure. 

(9)  Every  plant  should  have  some  simple  type  of  C02  analyzer 
for  obtaining  a  knowledge  of  conditions  existing  within 
the  furnace.     (See  page  30.) 

(10)  Air  leakage  through  the  boiler  setting  should  be  pre- 
vented by  properly  calking  and  covering  the  setting. 

(11)  Losses  due  to  the  presence  of  unconsumed  coal  in  the 
ash  should  be  avoided  by  seeing  that  the  fire  is  properly 
worked  and  that  the  grate  openings  are  not  too  large  for  the 
size  of  fuel  fired. 

(12)  Sooty  deposits  on  the  heating  surfaces  should  be  removed 
frequently.  Should  the  temperature  of  the  gases  leaving 
the  boiler  exceed  550  degrees  F.,  it  probably  indicates  that 
the  tubes  need  blowing. 

(13)  Scale  on  the  water  surfaces  of  the  boiler  should  not  be 
allowed  to  accumulate. 

(14)  The  spreading  method  of  firing  in  which  small  quantities 
of  coal  are  fired  at  frequent  intervals  is  regarded  as  a  sat- 
isfactory method  for  hand  fired  plants.     (See  page  41.) 

Features  of  Boiler  Installation 

1 5  The  foundation  for  a  boiler  setting  should  rest  on  a  firm 
footing  in  order  to  insure  a  setting  which  will  remain  tight 
and  free  from  any  tendency  to  crack. 

16  For  the  complete  combustion  of  bituminous  coal  boiler 
Bettings  must  provide  for  the  introduction  of  sufficient  air 
into  the  furnace,  for  the  proper  mixing  of  this  air  with  the 

given   off  by  the  burning  coal,  and  for  the  mainte- 

oance  of  a  high  temperature  until  the  process  of  combustion 

complete.     This  is  to  be  accomplished  by  means  of  arches, 

baffles,  and  other  devices  as  hereinbefore  described.      (See 
page  44.) 
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(17)  The  brick   work   in  setting  should   be   properly    pointed 
up  and  covered  with  an  insulating  material  to  pre. 
leakage.      The    exposed    parts    of    the    shell    of    horizontal 
return  tubular  boilers  and   of  the  steam   drums  of   v. 
tube  boilers  should  be  covered  with  a  high  grade  of  a 
insulating   material   at   least   two   inches   thick,   or   with    an 
85  per  cent  magnesia  covering  two  or  three   inches   thick, 
and  the  outside  finished  off  with  a  thin  coat  of  hard  ccb 

or  covered   with   canvas   and   painted.     Air  spaces   in   the 
walls  of  the  setting  should  be  filled  with  sand  or  ash< 

Stacks  and  Breechings 

(18)  In  order  to  control  the  amount  of  air  and  flue  gas  passing 
to  the  stack  a  damper  installed  at  the  point  where  the  flue 
gas  leaves  the  boiler  should  be  regulated  so  as  to  permit  the 
stack  to  supply  the  right  amount  of  air  to  burn  compl- 
the  fuel  fired.  The  air  supply  should  be  controlled  by  this 
damper  and  not  by  opening  and  dosing  the  ashpit  doors, 
which  should  stand  open  practically  all  the  time.  I 
boiler  should  have  its  individual  damper. 

(19)  The  individual  boiler  dampers  should  fit  accurately  and 
close  tight,  otherwise  it  will  be  impossible  to  prevent  cold 
air  from  entering  the  main  breeching  through  the  damper 
of  a  "dead"  boiler. 

(20)  The  breeching  and  stack  should  be  made  air  tighl  and 
should  be  insulated  to  prevent  heat   loss  from  the  flu 

so  that  all  the  heat   in  the  gaSCfl  may  be  available  foi 
ing  draft. 

Feed  Water  a. id  Fuel 

(21)  If  the  feed  water  us(>d  causes  Bcale,  corrosion,  or  priming 
it  should  be  analyzed  by  a  reliable  chi  and  treated  in 
such  manner  as  he  may  prescribe. 

(22)  It    is   necessary    and    t nomical    to    heat    tl 

One  per  cent  of  fuel  is  saved  for  every  eleven  d<  rise 

in  the  feci  water  temperature. 

(23)  For  the   majority    of   small    boiler    plants   the    f.-cl    w 
Should    be    introduced     into    the    boiler    at     a    constant 
rather   than    intermittently.      The    feed    water  syst.-Mi   should 

include  some  form  of  metering  device  for   measuring  the 

water  \'rt\  to  the  boiler  or  the  steam  delivered  by  it. 
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(24)  Means  should  be  provided  for  weighing  the  coal  fired  to 
each  boiler  and  the  ash  removed. 

Steam  Piping  Requirements 

(25)  The  piping  system  should  be  as  simple  as  possible  and 
well  insulated.  Only  short  direct  runs  of  live  steam  pipes 
should  be  used  in  connecting  boilers,  engines,  and  other 
steam  using  apparatus. 

(26)  Each  high  pressure  header  and  steam  separator  should 
be  provided  with  drips  and  the  hot  water  returned  to  the 
feed  water  heater. 

(27)  Leakage  losses  at  valves  and  fittings  in  all  steam  and 
water  lines  should  be  stopped  at  once. 

(28)  If  a  steam  main  is  either  too  small  or  too  long  it  will  be 
necessary  to  carry  a  higher  pressure  at  the  boiler  to  get  the 
required  pressure  at  the  engine.  Steam  gages  at  the  boiler 
and  at  the  engine  throttle  should  show  a  drop  in  pressure 
of  not  more  than  five  pounds  when  the  engine  is  running 
at  full  capacity.  If  a  steam  main  is  too  large  the  pressure 
at  the  engine  throttle  will  be  almost  the  same  as  that  at 
the  boiler.  The  heat  losses  from  oversize  pipes  and  fittings 
are  somewhat  greater  and  the  cost  of  installation  is  higher 
than  for  mains  of  the  proper  size.  The  exhaust  piping 
should  be  of  such  size  that  a  gage  near  the  engine  will 
show  a  pressure  of  not  more  than  two  pounds. 

(29)  All  steam  and  hot  water  piping,  fittings,  flanges,  and 
valves  should  be  covered  with  an  insulating  material.  The 
saving  to  be  affected  by  such  covering  is  sufficient  to  repay 
the  cost  in  the  first  few  months.     (See  page  76.) 

Record  of  Operation 

(30)  A  suitable  record  of  operation  should  be  maintained  upon 
the  basis  of  which  the  superintendent  or  owner  of  the  plant 
may  determine  with  reasonable  reliability  the  cost  of  opera- 
tion, the  relative  efficiency  of  the  plant,  and  the  improve- 
ment from  time  to  time.  From  the  record  of  operation  it 
should  be  possible  to  determine  whether  the  individual 
boilers  are  operating  at  their  rated  capacities.  In  cases  in 
which  boilers  are  operating  at  less  than  capacity  condi- 
tions should  be  so  changed  as  to  require  each  unit  to  carry 
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its  full  load  or  an  overload.     In  cases  in  which  it 
sible  to   balance  the  load   with   the   combined   capacity 
units,  it  is  economical  to  operate  as  many  boilers  as 
sible  at  capacity  and  to  throw  the  excess  on  an  extra  unit. 
(31)       Special  emphasis  is  to  be  Laid  upon  the  problem  of  the 
plant  owner  and  upon  the  part  he  must  play  in  the  | 
of  saving  fuel.     The  economical  utilization  of  fuel  in  power 
plants  is  vital,  not  so  much  because  it  mean-  a  cash  saving  to 
the  owner,  but  rather  because  conditions  are  fast  approaching 
a  point  at  which  the    owner  who  does  not  conserve  his 
may  find  himself  unable  to  maintain  continuous  operation. 
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THE  ECONOMICAL  USE  OF  COAL  IX  RAILWAY 

LOCOMOTIVES 


I.     Introduction 

1.  Scope  and  Purpose. — Conditions  brought  about  by  the  war 
place  upon  all  classes  of  persons  responsibilities  which  are  inescapable. 
The  positive  need  for  the  cooperation  of  the  individual  and  for  the 
exercise  of  every  personal  effort  in  the  prosecution  of  the  war  is  daily 
becoming  more  apparent.  It  is  recognized  that  the  greatest  service 
which  the  individual  not  actually  engaged  in  military  service  may 
render  lies  in  doing  what  he  may  to  conserve  the  nation's  suppli 
One  of  the  greatest  opportunities  open  for  service  in  this  respect  is  in 
connection  with  the  nation's  fuel  supply.  The  successful  issue  of  the 
war  depends  upon  the  economical  use  of  coal  both  in  the  home  and  in 
the  industrial  plant  and  locomotive. 

The  Engineering  Experiment  station  of  the  University  of  Illinois 
has  undertaken  to  prepare  for  users  of  fuel  certain  publications  con- 
taining suggestions  and  advice  relating  to  fuel  conservation.  Circu- 
lars dealing  with  the  use  of  coal  in  heating  homes  and  in  generating 
power  have  been  published  as  have  also  bulletins  and  circulars  relat- 
ing to  the  extraction  of  coal  in  the  mines  and  its  storage.     Tl  lent 

circular  has  the  purpo  helping  railway  officials  and  emplo; 

in  their  efforts  to  save  COal.     While  it   contains  little  that    18  new,   it 

presents  a  simple  statement  of  the  tacts  concerning  the  choice,  dig. 
tribution,  storage,  and  Qse  of  coal,  and  offers  some  conservat  i 
tions  concerning  the  ways  in  which  coal  may  be  burned  economically. 
This  circular  is  issued  with  a  full  understanding  and  appreciation 
of  the  intelligent  and  wide-spread  effort  which  railway  men  are  mak- 
ing to  save  coal,  and  it  aims  only  to  Supplement  these  efforts  tS  it  D 

It'  it  sii, eds  in  stimulating  or  interest  in  the  subject  and  in 

bringing  even  a  few  helpful  suggestions  to  those  into  whose  hand 

may  fall,  it  will  have  1  its  DUrpO 

2.  Authorship. — The  facta  presented  in  this  circular  bav< 

compfledby  a  committee  consist  in  i  Pro- 
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fessor  of  Railway  Mechanical  Engineering  (Chairman),  Major  E.  C. 
Schmidt,  U.  S.  R.  Engineer,  Conservation  Division  U.  S.  Fuel  Admin- 
istration, and  Professor  of  Railway  Engineering,  University  of  Illinois 
(on  leave  of  absence),  H.  H.  Stoek,  Professor  of  Mining  Engineer- 
ing, S.  W.  Parr,  Professor  of  Applied  Chemistry,  and  C.  S.  Sale, 
Assistant  Professor  of  Civil  Engineering  and  Assistant  to  the  Director 
of  the  Engineering  Experiment  Station. 

This  committee  has  had  the  assistance  of  an  advisory  committee 
consisting  of  E.  W.  Pratt,  Assistant  Superintendent  of  Motive  Power, 
Chicago  and  Northwestern  Railway  Company,  Chicago,  111.,  W.  L. 
Robinson,  Fuel  Supervisor,  Baltimore  and  Ohio  Railroad  Company, 
Baltimore,  Md.,  A.  N.  Willsie,  Chairman,  Fuel  Committee,  Chicago, 
Burlington  and  Quincy  Railroad  Company,  Chicago,  111.,  Timothy 
Shea,  Acting  President,  Brotherhood  of  Locomotive  Firemen  and 
Enginemen,  Cleveland,  0.,  A.  B.  Garretson,  President,  Order  of  Rail- 
way Conductors  of  America,  Cedar  Rapids,  la.,  W.  S.  Stone,  Grand 
Chief,  Brotherhood  of  Locomotive  Engineers,  Cleveland,  0.,  0.  P. 
Hood,  Chief  Mechanical  Engineer,  Bureau  of  Mines,  Washington, 
D.  C,  D.  M.  Myers,  Advisory  Engineer  on  Fuel  Conservation,  U.  S. 
Fuel  Administration,  Washington,  D.  C,  and  C.  R.  Richards,  Dean 
of  the  College  of  Engineering  and  Director  of  the  Engineering  Ex- 
periment Station,  University  of  Illinois.  Each  member  of  this  advi- 
sory committee  has  personally  reviewed  the  original  manuscript  and 
a  meeting  was  held  at  Urbana  on  March  22,  1918,  at  which  the  manu- 
script was  examined  in  detail.  The  authors  gratefully  acknowledge 
the  valuable  assistance  and  cooperation  of  the  members  of  this  com- 
mittee and  feel  that  the  value  of  the  publication  has  been  greatly  in- 
creased as  a  result  of  their  efforts. 
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II.    The  Amount  of  Coal  Used  by  Railways 

3.  Fuel  Burned  in  "Railway  Locomotives. — A  considerable  por- 
tion of  the  coal  bought  by  railways  is  used  in  stationary  power  plants 
at  shops  and  roundhouses,  and  in  heating  plants  at  stations  and  e 
where.  While  there  are  many  opportunities  for  effecting  gre 
economy  in  the  use  of  stationary  plant  fuel,  this  subject  is  not  con- 
sidered in  the  present  circular;  it  has  already  been  covered  in  previous 
publications*  issued  by  the  Station.  The  use  of  oil  fuel,  also,  i^  not 
discussed,  since  oil  is  used  on  only  a  few  roads  and  since  the  extent 
of  its  use,  under  prevailing  prices,  is  decreasing.     .Many  of  the  8 

ions  concerning  coal  are,  however,  obviously  applicable  to  oil. 

During  the  calendar  year  of  1917  there  were  produced  in  the 
United  States  about  oio.ouo^OO  tons  (2000  pounds)  of  bitumim 
or  "soft"  coal  and  about  92,000,000  tons  of  anthracite.    The  railwi 
of  the  country  used  26  or  27  per  cent  of  the  bituminous  coal  and  6  or 
7  per  cent  of  the  anthracite,  or  a  total   of  about    155,000,000  b 
About  140,000,000  tons  or  about  L'L'  per  cent  of  the  total  production 
were  burned  in  locomotive  fin  The  corresponding  amount  for 

the  year  1918  is  estimated  to  be  about  150,000,000  tons.  This  fuel  is 
referred  to  in  this  circular  as  locomotive  coal.  It  is  qoI  easy  to  ap- 
pr  date  the  significance  of  such  a  quantity.    It  would  i. 

fifty-ton  capacity  can  to  hold  it;  every  coal  car  in  the  country  would 
Deed  to  be  loaded  more  than  three  times  each  year  to  carry  the  lo 
motive  coal  alone. 

Trains  carrying  it  in  one  load  would  have  a  total  length  of  24,000 

miles,  or  a  distance  equivalent  to  the  circumference  of  the  earth.    Dur- 
ing the  year  1918  locomotive  coal  will  probably  coel  the  railway  - 
than  $500,000,000;  thus  the  fuel  coal  will  be  th«-  largest  single  item  of 

Operating   OX]  >pt    only    the    wa  trainmen    ami    engine- 

mi'ii. 

Obviously  the  savii  i  small  percent  age  of  the  large  quan- 

tity of  fuel  consumed  by  locomotii  i  result  worth  striving  for.  In 


.1    for    Heating    Home* 
with  OOI    m    Nlinoii        1  •  1  7 

•  ion    of    i 

id  of  the 
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view  of  all  the  earnest  effort  already  being  expended  to  save  coal,  the 
possibility  of  effecting  a  still  further  saving  is  not  at  once  apparent. 
A  study  of  the  problem,  however,  discloses  many  means  of  effecting 
greater  economy  which  have  not  as  yet  been  generally  employed.  The 
saving  on  each  scoopful  of  a  piece  of  coal  as  big  as  an  ordinary  egg 
would  amount  to  one  per  cent  or  1,500,000  tons.  Even  when  firing 
a  modern  freight  locomotive  on  a  heavy  grade,  one  less  scoopful  of 
coal  ever}'  fifteen  minutes,  or  one  less  scoopful  every  three  or  four 
miles,  would  effect  a  similar  saving.  A  little  more  personal  interest 
and  more  care  will  reduce  coal  consumption  by  such  a  percentage 
even  on  railroads  where  the  practice  is  already  excellent,  and  where 
fuel  conservation  is  already  receiving  close  attention.  On  many  rail- 
roads where  efforts  at  fuel  economy  are  not  so  well  organized  much 
greater  savings  can  undoubtedly  be  effected. 

By  a  nation-wide  attack  on  this  problem  involving  the  concerted 
interest  and  action  of  all  concerned,  practices  relative  to  fuel  con- 
servation may  be  so  improved  as  to  save  at  least  9,000,000  tons  of  coal 
per  year.  This  amount  is  more  than  enough  to  supply  the  needs  for 
an  entire  year  of  such  a  system  as  the  Chicago  and  Northwestern  Rail- 
way, or  the  Atchison,  Topeka  and  Santa  Fe,  each  of  which  operates 
about  two  thousand  locomotives.  This  amount  of  coal  would  be  suffi- 
cient to  coal  a  fleet  of  transports,  United  States  to  France,  which 
would  be  capable  of  carrying  an  army  of  three  to  five  millions  of 
soldiers  with  supplies  and  equipment. 
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III.    What  Becomes  ok  the  Coal  and  the  Heat 

4.  Sources  of  Loss. — Any  attempt  to  economize   in   the 

fuel  must  be  based  upon  a  clear  understanding  of  what  happens  to  the 

coal  from  the  time  it  is  loaded  at  the  mines  until  it  reaches  the  locomo- 
tive firebox,  and  what  becomes  of  the  heat  liberated  in  the  firebox. 
Each  operation  from  the  mining  of  the  coal  to  its  combustion  in  the 
firebox  presents  possibilities  of  loss  or  waste. 

In  the  following  sections  the  several  possible  sources  of  wasl 
discussed  and  the  ways  in  which  coal  may  be  used  without  d  any 

useful  work  whatever  are  pointed  out.     It  is  not  the  purpose  to  con- 
sider at   this  point  the  ways  in  which  savins  may  be  effected,  but 
simply  to  indicate  the  points  to  which  attention  and  effort  should 
directed. 

5.  Losses  in  Transportation  ami  Storage. — In  transit   from  the 
mines  to  the  chutes  there  is  some  direct  Loss  of  coal  from  the 

to  carelessness  in  Loading.    Probably  this  Ions  is  not  large,  but  it  can 

he  and  should  be  entirely  eliminated.  At  the  chutes  little  eoal,  as  such, 
is  lost  but  its  fuel  value  is  sometimes  considerably  diminished  by  im- 
proper handling  which  causes  undue  breakage  and  which  ultimately 

results  in  a  direct  loss  on  the  locomotive  by  increasing  the  cinder  dis- 
charge through  the  stack  because  of  the  excess  Of  line  material   in  the 

coal. 

At    certain    Beasons    and    under   certain    market    conditions    it    is 

•  iit i ;i  1  for  the  railways  b  quantities  of  eoal,  generally  in 

outdoor  piles.    These  piles  frequently  take  tire  with  the  result  that  the 

fuel  value  of  the  coal  so  stored   is  .!■  d  or  impaired.      Except   in 

rare  instances,  this  is  a  preventable  loss  resulting  from  improper 

methods  of  storage.    These  losses  can  generally  be  avoided  I 

Log  precautions  which  are  discussal  ;n  a  la-  ircular. 

G.    Coal  Consumed  when  th<    I         otivi    it  Standing.     Ai 

One-fifth  of  all  locomotive  coal  is  consumed  at  periods  when  the  locomo- 
tive is  not  doing  useful  work,  in  firing  up,  in  waiting  \'"v  trains,  in 
•idinLr  on  sidings  and  passing  tracks,  in  del.  terminals,  ami  in 

waiting  ;it  ashpits.    During  the  year  1918  nearly  30,0 
coal  will  be  used  during  tie--'  periods. 


12  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 

"While  this  consumption  is  not  directly  productive,  it  is,  of  course, 
not  all  to  be  regarded  as  waste.  Locomotives  must  be  fired  up  and 
their  fires  must  be  cleaned;  a  certain  amount  of  time  must  also  inevita- 
bly be  spent  in  yards,  terminals,  and  sidings.  All  these  are  essential 
activities  incident  to  operation,  but  since  so  large  an  amount  of  coal 
is  involved  it  is  clearly  necessary  that  under  present  conditions  these 
periods  should  be  reduced  to  a  minimum.  The  saving  of  fuel  in  this 
connection  reduces  itself  to  a  question  of  saving  time  in  these  opera- 
tions. 

This  is  a  part  of  the  fuel  conservation  problem  over  which  train- 
men have  little  or  no  control ;  roundhouse  men  can  help  in  one  or  two 
respects,  but  the  chief  responsibility  lies  with  operating  officials  and 
dispatchers.  The  results  to  be  obtained  will  come  chiefly  from  fore- 
thought and  attention  to  the  details  of  operation.  The  best  results 
have  undoubtedly  not  been  reached  even  on  the  best  managed  and 
best  equipped  roads.  The  magnitude  of  the  amount  of  coal  involved 
should  provide  a  strong  incentive  to  renewed  effort  and  care. 

It  is  proper  to  point  out,  however,  that  on  some  railroads  any 
very  radical  decrease  in  this  part  of  the  coal  consumption  involves 
expensive  and  time-consuming  physical  improvements  such  as  the 
redesign  of  terminals  and  the  enlargement  or  increase  in  the  number 
of  sidings.  Such  work  requires  large  expenditures  of  capital  and 
cannot  always  be  done  hurriedly  even  when  the  money  is  available. 
The  responsibility  for  determining  whether  such  improvements  may 
be  made  lies,  of  course,  with  executive  officers.  Where  such  improve- 
ments looking  toward  extensive  savings  are  impossible,  that  fact  should 
not  diminish  the  enthusiasm  for  attempting  to  effect  the  smaller  sav- 
ings which  are  possible  in  any  situation. 

7.  The  Distribution  of  the  Heat  Generated  in  the  Firebox. — 
There  remain  four-fifths  of  the  locomotive  coal  which  is  burned  while 
locomotives  are  hauling  trains.  For  the  year  1918  this  will  amount  to 
about  120,000,000  tons.  Naturally,  the  campaign  for  economy  has 
always  been  most  vigorously  waged  with  respect  to  this  fuel  and  the 
tatest  effort  in  the  future  must  continue  to  be  directed  at  the  possi- 
bility of  effecting  greater  savings  in  the  use  of  it. 

In  this  section  it  is  the  purpose  to  show  what  becomes  of  the  heat 

erated  in  burning  this  coal — to  show,  that  is,  where  the  heat  goes 

while  the  locomotive  is  at  work  on  the  road,  always  with  the  view  of 
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disclosing  the  avenues  of  loss  and  waste  as  well  as  the  points  at  which 
efforts  at  conservation  are  likely  to  prove  most  effective. 

Although  many  avenues  of  waste  occur  in  connection  with  the 
actual  burning  of  the  coal  and  the  heat  generated  in  the  firebox,  it 
should  be  recognized  that  enginemen  have  no  control  over  some  of  the 
losses  which  occur.    Many  kinds  of  fuel  w,  1  only 

by  better  locomotive  maintenance,  and  by  better  roundhouse  and  shop 
practice.     Motive  power  officials  and  shop  and  roundhouse  emplo; 
must  assume  the  responsibility  for  heat  Losses  which  result  from  p 
locomotive  maintenance. 

Certain  maintenance  improvements  and  certain  matters  of  desi 
such  as  the  installation  of  washout  apparatus,  superheaters,  or  brick 
arches  require  such  expenditures  of  capital  and  time  that  they  can- 
not be  considered  matters  for  emergency  treatment. 

The  Firebox  and  Boiler 

Pig.  1  shows  graphically  what  may  become  of  th  contain 

in  the  coal  which  is  shoveled  into  the  firebox  in  so  Car  as  the  firel 
and  boiler  are  concerned.    The  proportions  are  intended  to  be  imp- 
utative of  a  modern  locomotive,  burning  from  To  to  80  pounds 
of  western  bituminous  coal  per  square  fool  of  grate  surface  per  hour. 
The  largest  area  represents  that  portion  of  the  heat  of  the  coal 
which  is  usefully  en  i  in  making  steam.    The  four  smaller 

represent  avenues  of  loss  and  the  size  of  these  areas  with  the  percent- 
figures  which  accompany  them  indicates  the  nitiide 
of  these  losses  under  normal  operation.     The  los>,>s  may  be  much 
greater  when  locomotives  are  in  poor  condition.    In  all  a 
they  may  vary  to  a  considerable  extent  depending  upon  the  degi 
sellence  with  which  the  locomotive  is  fired  and  handled. 
The  ashpan  and  ashpil  losses,  the  loss                ated  by  the  nn- 

burned  and  cinders,  and  those  due  to  t:  I    in   the  escaping 

es  indicate  the  directions  in  which  efforts  to  effect  savings  should 
1  •'  made.    The  largest  of  these  I  that  due  to  heat  in  the 

iping  from  the  stack,  is  in  large  part  unavoidable,  since  tie-- 
must  alwa;  ipe  at  s  temperature  Dear  to  i  ewhat  above  the 

temperature  of  t  mi  in  the  boiler.    Under  jonditioi 

the  loss  due  to  onburned  fuel  discharged  into  the  ashpan  or  to  cinders 

and  combustible  1   through   the  stack   will  alwa\ 

place  to  some  extent.      In  such    I  tnnity 
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'00%  coal  burned  in  locomotives  annually 


70%  is  applied  in  making  steam 


14%  goes  out  of  the  stack  as  heat  in  gases 


8'  i  goes  out  of  the  stack  as  cinders 


4%  goes  out  of  the  stack  as  unburned  gases 


4%  goes  into  the  ashpan  and  ashpit 


(1918  est)     150,000,000  tons 

105,000,000  tons 

20,800,000  tons 

12,000,000  ions 

6,000,000  ions 

6,000,000  tons 


(These  figures  are  based  upon  good  performance,  which  is  much  better  than  the  average  performance 
of  all  the  locomotives  of  the  country. ) 

Yu;.  1.    Heat  Distribution  for  the  Firebox  and  Boiler 
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for  considerable  savings.  While  it  is  impossible  to  eliminate  entirely 
any  of  these  losses,  each  may,  through  skilful  and  careful  firing  and 
engine  operation,  he  reduced.  The  total  loss  from  the  four  sou 
amounts  to  30  per  cent  of  the  heat  value  of  the  coal  fired,  and  the  dif- 
ference between  good  and  poor  practice  with  a  given  locomotive  rep- 
resents at  least  an  appreciable  percentage  of  the  total  coal  used 
What  it  means  to  save  one  per  cent  of  the  total  coal  used  in  locomo- 
tives has  already  been  pointed  out. 

The  Locomotive 

Fig.  2  presents  graphically  and  in  somewhat  different  form  the 
same  information  which  is  presented  by  Pig.  1  together  with  some 
additional  facts  relating  to  the  avenues  of  ose  and  Loss  as  the  steam 
passes  through  the  engines  and  the  front  end  of  the  locomotive.  This 
illustration  shows  the  possible  distribution  of  the  heat  when  coal  is 
being  burned  at  the  rate  of  70  or  80  pounds  per  Bqnare  fool  oi 
surface  per  hour.  As  in  Pig,  1  there  is  shown  a  4  per  cenl  ashpan 
a  14  per  cent  loss  to  heat  in  the  stack  gases,  a  1  per  cenl  loss  to  un- 
bnrned  gases,  and  an  8  per  cent  loss  to  cinders.  The  remaining  70  per 
I  cent  of  the  heat  of  the  coal  is  stored  in  the  steam.  Of  this  stored  heat, 
o  J"']-  cent  is  shown  as  lost  by  radiation,  «i  per  cent  goes  to  the  op 

tion  of  the  air  pomps,  blown-,  etc.,  and  .">!»  per  cent  goes  to  the  cyl- 
inders. Of  the  heal  going  to  the  cylinders,  a  large  part.  52  ;  .t  of 
the  original  heal  of  the  coal,  i^  exhausted  and  passes  onl  through  the 
stark.    Of  the  remaining  7  per  cent,  l  per  cenl  is  osed  up  in  over- 

COming  the  friction  of  the  locomotive,  and  6  per  cut  is  obtained  as- 
work  at  the  drawbar. 

The  losses  shown  by  Pig.  2  as  occurring  after  the  heat   is  stored  in 

the  steam  are  those  due  to  radiation.  t<>  stram  using  devices  other  than 

the  main  cylinders,  to  the  heat  of  the  exhaust   steam,  and  to  t1 

required  to  overcome  the  friction  of  the  locomoti  If, 

The  radiation  I  probably  cannot   he  greatly  reduced,  and 

whatever  reduction  is  possible  is  a  matter  of  design  and  maint. -nance 
in  connection  with  the  lagging. 

That  portion  of  the  heat  going  into  the  air  pumps  and  other  steam 
usinLr  devices  is  a  loss  only  in  BO  fat-  as  more  strain  is  us.-d  in  this  \ 

than  i  nary.    The  operation  of  bell  rin  ur,  and 

grate  shaken  a-  well  as  the  lighting  and  heating  require  the  eonsump- 

tion  of  steam  and  coal.    The  estimate  that  6  per  eent  of  the  heal 
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given  to  air  pumps  and  other  steam  using  devices  is  a  comparatively 
low  average  value.  Air  leaks,  particularly  in  freight  service,  may 
greatly  increase  this  loss.  The  air  pumps  ordinarily  use  the  greatest 
amount  of  steam  for  auxiliary  work  and  the  amount  of  coal  and  steam 
which  they  use  depends  very  largely  upon  how  well  the  air  brake 
equipment  is  maintained.  The  opportunity  for  saving  here  lies  in  the 
proper  maintenance  of  all  auxiliary  apparatus  and  its  careful  opera- 
tion by  the  enginemen. 

The  largest  heat  loss  is  that  of  52  per  cent  in  the  steam  which  is 
exhausted  from  the  cylinders  and  passes  out  through  the  stack.  This 
exhaust  steam,  however,  does  a  large  amount  of  useful  work  in  forcing 
air  through  the  grates  and  in  forcing  the  gases  of  combustion  through 
the  firebox  and  boiler.  The  possibility  of  reducing  this  loss  is  mainly 
a  matter  of  design,  although  maintenance  and  the  care  with  which  the 
throttle"  and  reverse  lever  are  handled  are  important  factors  in  the 
problem. 

About  one  per  cent  of  the  total  heat  of  the  coal  or  one-seventh  of 
the  energy  developed  in  the  cylinders  is  consumed  in  operating  the 
locomotive  itself,  or  overcoming  locomotive  friction.  The  percentage 
lost  as  locomotive  friction  is  a  serious  one  since  it  affects  directly  the 
effective  work  done  at  the  drawbar.  Assuming  that,  in  the  case  given, 
the  locomotive  friction  loss  could  be  reduced  from  one  per  cent  to 
three-fourths  of  one  per  cent,  then  the  effective  work  at  the  drawbar 
would  be  increased  from  6  per  cent  to  6V4  per  cent ;  that  is,  the  effect- 
ive work  would  be  increased  about  4  per  cent.  This  would  mean  that 
the  locomotive  could  do  the  same  work  at  the  drawbar  with  a  saving 
of  about  4  per  cent  of  its  coal.  Savings  in  connection  with  locomotive 
friction  are  largely  matters  of  proper  maintenance  of  the  locomotive 
running  parts  and  of  careful  lubrication. 

The  heat  losses  so  far  considered  are  those  which  to  a  greater  or 
less  extent  exist  under  normal  conditions,  or  with  the  locomotive  in 
what  may  be  called  good  operating  condition.  Most  of  these  losses 
such  as  the  radiation  loss,  the  loss  of  heat  out  of  the  stack,  or  the  heat 
which  goes  to  the  performance  of  work  necessary  to  the  operation  of 
;iir  pumps  or  draft  apparatus  are  in  part  unavoidable.  With  the 
locomotive  in  poor  condition,  these  losses  will  be  larger.  In  like 
manner  if  the  locomotive  is  not  skilfully  fired  and  operated,  most  of 
thr  es  will  be  increased.     The  opportunity  for  saving  comes  in 

reducing  these  losses  to  the  lowest  possible  amounts  through  better 
design,  better  maintenance,  and  skilful  engine  operation  and  firing. 


USED   BY   STEAM  AUXILIARY  APPARATUS   6% 


LOSS    BY 

RADIATION 

5% 


-HEAT  IN  EXHAUST  STEAM   52% 

-  LOSS  TO  HEAT  IN  GASES     14% 

LOSS  TO  CINDERS     8% 

-LOSS  TO  UNBURNED  GASES 

AND    SOOT  4% 


Combustion  in  the  lirebux  liberates  beat  from  the  coal. 

Combustion  is  not  complete,  and  all  the  heat  ot  the  coal  is  not  liberated.  Cinders  and  com- 
bustible Eases  escape  unburned  from  the  firebox  nnd  nnss  out  through  the  stack. 

Some  of  the  heat  liberated  from  the  coal  is  carried  out  of  the  stack  by  the  stack  gases.  Air 
and  coal  at  a  temperature  of  say  70  degrees  F.  go  into  the  firebox ;  the  gases  which 
they  form  come  out  of  the  stack  at  500  or  600  degrees  P.  For  each  ton  of  coal 
which  goes  into  the  firebox  about  12  tons  of  air  also  go  in  and  about  13  tons  of 
gases  pass  out  of  the  stack.  It  takes  some  of  the  heat  of  the  ton  of  coal  to  heat 
these  13  tons  of  gases  from  70  degrees  to  600  degrees. 

The  heat  liberated  in  the  firebox,  except  that  which  is  used  to  heat  the  stack  gases,  passes 
through  the  firebox  sheets,  the  boiler  tubes,  and  the  superheater  units  to  the  water 
and  steam. 


Fig.  2.     Heat  Distribution  in  the  Locomotive 


Some  heat  is  lost  by  radiation.     1 
than   the    surrounding 


all  parts  of  the  locomotive  which  I 
of    the   heat   lost  by    radiation    CO 


I  leaks,  or  goes  to  the  cylinde 


LOSS  THROUGH    LOCOMOTIVE     FRICTION    \% 

USEFULLY  APPLIED  AS  WORK  AT  DRAWBAR  6% 


Thai. portion  of  the  he 


The  heat  in  the  steam  is  used  for  auxiliary  purposes, 

Some  coal  is  lost  to  the  ashpan  and  ashpit. 

Of  the  heat  going  to  the  cylinders  a  large  portion  passes  out  the  stack  in  the  exhaust  Eteam. 
This  exhaust  steam  produces  the  draft  necessary  to  force  into  the  firebox  and 
through  the  firebox,  boiler,  and  front  end  the  12  tons  of  air  and  the  13  tons  of 
gases  which  are  moved  for  each  ton  of  coal  fired. 


erted  into  work  in  the  cylinders  moves  the  locomotive  and  ita 
oves   the  locomotive    and   ita   parts  and   the    remainder   becomes 
work  usefully   applied  in  hauling  tonnage. 
Fig.  2  is  shown  without  a  brick  arch.     Firebox  conditions  similar  to  those  indicated  might  be 

more  readily  maintained  in  fireboxes  with  arches. 
Fie.  -  and   the  succeeding  colored   figures  are  somewhat  conventional  representations  of  locomotive 
firebox  conditions.     The  intense,  almost  white,  heat  which  often  exists  in  practice  cannot  be 
represented  satisfactorily  with  colors.      The  coloring  and  definition  are  somewhat  exagger- 
ated in  the  desire  to  emphasize  the  particular  features  being  illustrated  or  under  discussion 
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Sheer  Wastes 

In  addition  to  the  losses  already  considered,  there  are  certain 
losses  which  may  be  called  complete  or  sheer  wastes.  Such  wastes  give 
no  return  for  the  heat  losl  and  are  for  the  most  part  avoidable.  Leaks 
of  steam  or  hot  water  as  at  the  mudring  or  of  steam  at  the  piston  rod 
or  valve  stem  packing  mean  the  i  of  heat  and  its  complete  loss. 

iiu  leaks  into  the  fir- box  at  the  superheater  header  or  from  the 
steam  pipes  mean  direct  loss  of  heat  ami  probably  a  greater  loss  due 
to  the  poor  conditions  which  such  leaks  bring  about  in  connection  with 
engine  performance.  Front  cud  air  leaks  mean  a  coal  loss,  and  blows 
past  the  engine  pistons  and  valves  greatly  increase  the  amount  of 
steam  required  and  consequently  the  amount  of  coal  which  must  be 
burned.  Considerable  Bteam  may  be  wasted  through  safety  valves. 
Forty  or  fifty  pounds  of  coal  per  minute  may  be  required  to  furnish 
steam  to  discharging  safety  valves.  Frequent  and  long  continued 
blowing  of  safety  valves  means  the  burning  of  more  coal  than  is 
necessary. 

In  the  preceding  discussion  the  percentage  of  the  available  energy 
which  is  obtained  at  the  drawbar  as  work  has  been  assumed  to  be  use- 
fully employed.  Improper  or  poor  maintenance  of  ears  and  car  equip- 
ment may,  however,  cause  a  waste  of  the  power  delivered  at  the  draw- 
bar, and  then  lay  require  the  consumption  of  a  larger  amount  of 
coal  than  would  otherwise  be  accessary.  Sticking  brakes,  poorly  main- 
tained or  poorly  lubrical  id  journals,  or  other  defects  which  unneces- 
sarily increase  train  resistance  or  cans  r  stops  result  in  a 
-te  of  coal.     The  importance  of  the  loss  which  I  from  air  line 

leaks  has  already  been  pointed  out.    Losses  of  considerable  importance 

may  likewise  lake  place  in  connection  with  train  heating;  such  Loc 
could  be  reduced  and  the  comfort  of  passengen  n.  1  by  the  more 

general  086 of  thermon.  ''ii  of  ther  ontrol  apparatus 

in  passenger  coaches.     Fuel  v.  which  .  •  eliminated  through 

ter  maintenance  of  ears  and  car  equipment  should  not  be 
looked  by  th<  ponsible  for  this  pari  of  the  maintenance  work. 

8.    Summary  of  I  A     raphical  summary  of  the  coal  or 

heat  uses  and  which  ha>  tsed  \b  presented  <t>>  l 

l.  5,  ai  ach  illustration  representing  tic-  distribution  of  loa 

differenl  locomotive  or  for  a  diff<  Derating  conditions. 

These  performance  condition!  may  1m-  described  ai  ranging  from  very 
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good  to  poor.    In  all  four  cases  the  locomotive  is  regarded  as  delivering 
the  same  amount  of  work  at  the  drawbar. 

Table  1  lists  the  ten  avenues  of  use  or  loss  for  the  heat  from  the 
coal  fired  to  the  locomotive. 

Table  1 
Heat  Uses  and  Losses  which  Occur  on  a  Locomotive 


(a) 


1.     Heat  primarily  useful  or  that  which  is  obtained  as  work  at  the  drawbar 


(b) 


Heat  used  for  the  purpose  of  operating  the  locomotive: 

2.  By  the  air  pumps  and  other  steam  using  apparatus 

3.  As  exhaust  steam  and  for  the  production  of  draft 

4.  In  overcoming  locomotive  friction 


(c) 


Heat  lost  or  wasted  due  to: 

5.  Steam  leaks  to  the  outside  air  or  from  the  boiler  to  the  firebox  or  into  the  front  end. 
Steam  from  safety  valves,  etc. 

6.  Unburned  fuel  to  the  ashpan  and  ashpit 

7.  Unburned  fuel  as  cinders 

8.  Escaping  combustible  gases 

9.  Heat  in  the  escaping  gases 
10.     Radiation 


All  the  items  listed  in  Table  1  except  that  of  useful  work  indicate 
avenues  of  possible  loss  and  present  opportunities  for  effecting  econ- 
omies. The  percentage  of  the  coal  going  to  the  different  items  will 
in  practice  vary  widely  depending  upon  the  skill  and  care  with  which 
the  firing  is  done  and  with  which  the  locomotive  is  handled,  upon  the 
kind  and  condition  of  the  coal,  upon  the  design  of  the  locomotive  in- 
cluding its  equipment  of  fuel  saving  devices,  and  upon  the  condition 
of  the  locomotive  as  to  maintenance  and  roundhouse  care. 

Fig.  3  shows  the  percentage  of  heat  uses  and  losses  which  have 
already  been  given  in  connection  with  Figs.  1  and  2.  The  values  in  the 
column  headed  " Estimated  Possible  Savings"  indicate  the  points  at 
which  the  greatest  opportunities  for  saving  lie,  and  also  indicate 
roughly  the  amount  of  saving  which  it  should  be  possible  to  make 
through  improvements,  principally  in  locomotive  firing  and  operation, 
and  through  better  locomotive  maintenance.  These  estimated  possible 
rings  amount  to  6  per  cent  of  the  total  coal  fired,  and  are  to  be  made 
in  connection  with  six  of  the  different  losses  which  exist. 

The  coal  losses  which  occur  on  a  given  locomotive  and  the  coal 
rings  which  can  be  made  are  so  closely  related  that  a  change  effect- 
ing any  one  loss  generally  effects  to  a  greater  or  less  extent  most  of  the 
other  losses.  A  saving  of  one  per  cent  of  the  coal  value  through  the 
operation  and  better  maintenance  of  air  pumps  and  air  brake 


THE    ECONOMICAL    USE    OF    COAL    IN    RAILWAY    LOCOMOTIVES 


21 


equipment  means  that  less  coal  will  have  to  be  burned.  Less  coal 
burned  means  less  steam  accessary  to  produce  draft,  and  there 
saving  in  the  exhaust  steam  is  effected.  The  burning  of  less  coal  also 
means  a  reduction  in  the  quantity  of  coal  lo>t  in  the  form  of  cind< 
onburned  gases,  and  heal  in  the  escaping  gases.  Any  improvement, 
whether  in  operation  or  maintenance,  which  brings  about  better  fire- 
box conditions  will  ordinarily  effect  savings  not  only  in  connection 
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with  one  loss,  but  generally  in  connection  with  four  losses,  those  to 
ashpan,  to  cinders,  to  unconsumed  gases,  and  to  heat  in  the  stack 
gases. 

The  percentages  given  in  Fig.  3  refer  to  average  performance  on 
a  locomotive  in  good  condition,  and  the  savings  here  estimated  as 
possible  might  not  be  readily  obtainable  on  some  locomotives  which  are 
in  the  very  best  of  condition  and  are  being  well  fired  and  handled.    On 
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Fig.  4.    Hzat  and  Coal  Distribution  —  Locomotive  B 

Locomotive  B  is  assumed  to  be  in  somewhat  better  condition  than  locomotive  A  due  to 
better  maintenance  and  care  and  is  assumed  to  have  been  more  carefully  fired  and  operated 
in  order  to  save  coal. 

Biz  pound*  of  coal  per  100  pounds  fired  have  been  saved  as  compared  with  the  per- 
formance of  locomotive  A. 

.   n   per  cent  of  the 'heat  has  been  stored  in  the  steam,   5  per  cent  having  been 
lost  by  radiation.     The  boiler  efficiency  is  67  per  cent. 

Work  equivalent  to  the  heat  of  6  pounds  of  coal,  or  6.4  per  cent  of  the  total  coal,  is 
obtained  for  each  04  pounds  of  coal  fired.     The  overall  locomotive  efficiency  is  6.4  per  cent. 

The  diagram  .shows  this  saving  to  have  been  brought  about  principally  through  improve- 
ment of  combustion  conditions  and  in  part  through  saving  steam  at  pumps,  etc.,  and  at  the 
exha 

b  small  square  in  the  above  diagram  represents  one  pound  of  coal. 
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the  other  hand,  many  locomotives  are  not  in  all  respects  in  the  I 
condition  and  are  not  fired  and  handled  with  the  lble 

care.    With  many  of  these  locomotives  much  gi  -  would  1"' 

possible  than  those  indicated  by  Pig.  3.    Pig.  4  indicates  the  distribu- 
tion of  the  coal  or  heat  assuming  that  t he  G  per  cent  saving  indie; 
as  possible  by  Pig.  3  lias  been  made. 

Fuel  Losses  are  greatly  i  1  by  steam  leaks.     Direct  steam 
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leaks  to  the  outside  air  whether  from  the  boiler  or  from  the  cylinders 
and  valve  chambers  mean  a  direct  loss  of  coal.  Steam  leaks  into  the 
firebox  aside  from  being  a  direct  loss  may  occasion  a  still  greater  loss 
through  increasing  the  ashpan,  cinder,  unburned  gas,  and  heat  in  gas 
losses  through  the  resulting  poor  firebox  conditions.  Steam  leaks  past 
cylinder  and  valve  packings  greatly  increase  the  heat  loss  in  the  ex- 
haust steam,  and  by  requiring  more  coal  also  increase  the  losses  which 
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Fig.  6.    Heat  and  Coal  Distribution  —  Locomotive  D 
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A  comparatively  large  loss  in  the  exhaust  steam,  in  leaks,  and  in  poor  combustion  con- 
ditions causes  a  large  coal  loss  for  locomotive  D. 

Sixty-two   i  <  r   cent  of  the  heat  has  been  stored  in  the  steam,    5   per  cent  having  been 

radiation.      The  boiler  efficiency  is  62  per  cent. 
Work  equivalent   lo  the  heat  of  G   pounds  of  coal,   or  4.8   per  cent  of  the  total   coal,   is 
Obtained  for  each  125  pounds  of  coal  fired.     The  overall  locomotive  efficiency  is  4.8  per  cent. 

.!  .savings  ranging  from  0.2  to  7.0  per  cent  of  the  coal  fired  are  estimated  as  possible 
in  connection  with  the  l  and  losses  shown  on  the  diagram.  Twenty-four  and  eight-tenths 
j,«r  cent  of  the  coal  of  locomotive  D  will  be  saved  if  it  is  operated  as  efficiently  as  locomo- 
tive  B. 

b  small  square  in  the  above  diagram  represents  one  pound  of  coal. 
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take  place  in  connection  with  the  combustion  process.  Steam  leaks 
or  air  leaks  into  the  front  end  also  necessitate  the  use  of  more  steam 
to  produce  the  draft  required,  thus  materially  increasing  the  exhaust 
steam  loss  and  so  also  effecting  other  losses.    The  1  isl  mentioned 

including  direct  steam  Leaks  are  made  evident  through  t lie  incre 
in  the  losses  which  are  Listed  in  Table  1;  thus  an  air  Leak  into  the 
front  end  or  a  blow  past  the  cylinder  packing  increases  the  exhaust 
Steam  loss  and  in  general  ii  es  the  Losses  under  items  6,  7,  8,  and  !'. 

A  strain  leak  into  the  front  end  makes  a  direct  Loss,  item  5,  and  in 
general  increases  the  los^.s  under  items  3,  6,  7,  8,  and  9.  It  is  well 
known  that  leaks  to  the  firebox  or  cylinder  Mows  may  produce  Lofi 

great  that  an  engine  failure  results.    In  such  cases  the  amount  of 
fuel  wa>t<'d  is,  of  course,  very  Large. 

Pig.  5  indicates  the  heat  distribution  where  the  V  iter 

than  those  shown  by  Pigs.  3  and  4.  The  pumps  and  auxiliary  apparatus 
use  8  per  cent,  and  the  direct  steam  losses  account  for  one  per  cent  of 
i  lie  heat  of  the  coal,  while  the  ashpan,  cinder,  unburned  gas,  and  stack 
heat  losses  are  all  greater.  More  -team  Is  nsed  in  the  cylinders  un< 
t he  conditions  of  Fig.  5  so  that  the  loss  through  tin1  exhaust 
Lrreater.  The  direct  leak  loss  and  Losses  arising  from  it  are  due  to  im- 
proper maintenance.  The  increased  loss  at  the  pumps  and  other 
auxiliary  steam  using  apparatus  may  be  due  Largely  to  increase, 1  train 
line   air   leaks  and   to    poor  operation    or   maintenance   of  the   pui 

and  other  steam  using  dei  The  increased  Losses  in  tic  exhaust 

steam,  the  ashpan,  the  cinders,  the  unburned  <j;is  and  the  stack  1 
are  likewise  probably  due  in  part  to  less  skilful  firing  and  I 

.■ration  and  in  part  to  poor  maintenance  of  the  Locomotive.     I 
shows  that  locomotive  C  has  used  17..")  pounds  >al  than  Lo 

tive  A.  and  23.5  pounds  more  coal  than  locomotive  B  in  producing  the 

ie  amount  of  useful  work.     If  locomotive  ('  were  operated  with  the 

economy  as  locomotive  B,  a  saving  of  20  per  fuel 

Of  locomotive  (  '  would   result. 

Pig,  <;  indicates  the  heat  distribution  when  there  is  a  - ewhat 

heavier  loss  through  the  exhaust  steam  Buch  as  might  be  can 

bad  leaks  past   the  cylinder  packing.     This  illustration  shows  1- 

D       using  31  poundi  •  than  locomotive  b>  for  vrork 

equivalent  to  6  pounds  of  coal  delivered  at  the  drawbar.  The  opera- 
tion of  locomotive   I)  with   the  same  economy  B        uld 

mean  a  saving  ol  practically  25  i  er  cent  of  the  foe]  of  locomotive  l> 


26  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

As  a  locomotive  approaches  its  "shopping"  time,  it  probably 
carries  more  scale,  leaks  are  more  common,  packings  do  not  fit  so 
closely,  and  its  general  condition  is  such  that  coal  losses  are  greater 
than  would  be  the  case  if  the  locomotive  were  kept  in  better  condition 
throughout  the  period  between  shoppings. 

Important  coal  savings  which  can  be  considered  as  immediately 
possible  are  to  be  made  for  the  most  part  in  two  ways,  by  improving 
the  mechanical  condition  of  locomotives  through  better  care  and  main- 
tenance and  by  exercising  greater  care  in  the  firing  and  operation  of 
the  locomotive  while  in  service.  For  a  given  locomotive  the  total 
possible  saving  can  be  effected  only  when  attention  is  given  to  both 
these  matters,  that  is,  when  the  engine  is  both  better  cared  for  and 
better  handled.  With  locomotives  in  good  condition,  the  total  possible 
savings  are  comparatively  small,  but  more  careful  engine  operation 
and  more  skilful  firing  will  even  in  this  case  yield  results  worth  while. 
With  locomotives  in  less  satisfactory  condition,  the  total  possible  sav- 
ings become  greater  and  in  general  the  greater  part  of  such  savings 
ran  be  effected  through  better  maintenance  and  care. 

Table  1  and  Figs.  3,  4,  5,  and  6  show  nine  ways  in  which  coal  may 
be  used  or  wasted  other  than  in  producing  useful  work  at  the  drawbar. 
The  careful  consideration  of  these  avenues  of  waste  makes  it  evident 
that  somewhat  better  maintenance  and  roundhouse  care  and  somewhat 
better  firing  and  operation  should  result  in  an  average  coal  saving 
on  all  the  railroads  of  the  country  which  can  be  conservatively  esti- 
mated as  at  least  6  per  cent  of  the  total  coal  fired. 

Certain  improvements  which  may  be  considered  matters  of  design 
rather  than  of  maintenance  may  often  be  adopted  to  aid  in  reducing 
the  amount  of  coal  or  steam  used.  Front  end  arrangements,  grates  or 
other  firebox  parts,  and  cylinder  or  other  packings  indicate  points  at 
which  through  better  design  the  coal  uses  and  losses  which  have  been 
discussed  may  be  decreased. 

The  values  for  "Estimated  Possible  Savings"  shown  in  the  pre- 
ceding  diagrams  are  not  intended  to  indicate  the  possible  savings 
through  the  installation  of  some  of  the  more  important  fuel  saving 
devices  such  as  the  superheater.  It  has  already  been  pointed  out  that 
since  the  installation  of  such  devices  usually  requires  executive  action, 
they  probably  cannot  be  generally  adopted  and  installed  as  emergency 
matters.  The  brick  arch  can,  however,  often  be  added  to  existing 
equipment  with  comparatively  little  loss  of  time  and  without  great 
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expense.  On  account  of  the  great  reduction  in  fuel  losses  which  can 
often  be  made  through  the  use  of  the  more  important  fuel  Baying 
devices,  their  more  extended  use  under  present  conditions  is  to  be 
urged. 

Since  the  possibility  for  economy  through  the  employment  of 
these  means  is  great,  it  is  proper  to  point  out  the  extent  of  the  fuel 
saving  which  may  be  expected  upon  locomotives  equipped  with  such 
devices  as  compared  with  similar  locomotives  without  thes 
The  report  of  the  American  Railway  Master  Mechanics'  Association 
nniittee  on  Superheater  Locomotives  for  the  year  191G*  contains 
the  following  statement  concerning  economies : 

"In  view  of  the  many  complete  reports  which  have  already  been  reml. 
on  tests  covering  the  eeonomiei  effected  through  the  application  of  roper- 
beater,  and  superheater  and  brick  arch,  your  committee  does  not  belie 

try  to  publish  farther  data  in  this  report.    However,  on  a  conservative 
basis,  it  is  Celt  that  an  economy  of  fifteen  to  twenty-five  ;  *  in  fuel  and 

twenty  to  thirty  per  cent  in  water  consumption  can  be  63  day 

operation  through  use  of  the  superheater  and  brick  arch.     Numerous  tests  I 
shown  greater  econom: 

"On  a  number  of  railroads  the  application  of  superheaters  has  I 
the  time  of  freight  trains  on  the  road  ten  to  fifteen  per  cent  and  dime 
one  stop  for  coal  and  two  stops  for  water  over  one  freight  engine  division." 

Test  data  from  various  Bouroi  ring  both  road  and  I 

tests  indicate  that  locomotives  equipped  with  superheaters  burn 

per  cent  t<  r  cent   Less  coal,  for  the  same  work,  than  similar  l< 

motives  not  equipped  with  superheaters.    In  like  manner  data  r 
to  the  brick  arch  indicate  possible  coal  savings  ranging  from  5  | 
to  12  per  cent 

Table  2  presents  information  concerning  fuel  Bavings  which  fa 
d  through  the  use  of  the  superheater  and  the  brick  ai 

While  it  may  not  always  ;  jible  under  the  varying  eonditi< 

of  road  service  to  obtain  as  g  I  in  Ta 

2,  a  v<  at  opportunity  for  of!'.  fuel  economy 

through   the  more  general   use  of  the   important    fuel   Bavil 

The  total  Baving  of  locomotive  fuel  which  may  be  accomplished  in  this 

way  is,  of  course,  dependent  upon  the  extent  to  which  old  l< 

may  be  supplied  with  Mich  devices  and  the  which  new  lo 

motives  fitted  with  BUCh  devices  may  be  em] 
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Table  2 

Coal  Saving  through  the  Use  of  the  Superheater 
and  the  Brick  Arch 


Coal  Saving  Due 

to  the  Superheater 

Per  Cent 

Source  of  Information 

Coal  Saving  Due 

to  the  Brick  Arch 

Per  Cent 

Source  of  Information 

6  to  17 

Publication  126 

Carnegie  Institution 

of  Washington 

5  to  8 

Report  of  Coatsville  Testa, 
W.  F.  M.  Goss 

20  to  30 

A.  R.  M.  M.  Ass'n. 
Proceedings,  1911 

12 

Report  of  Coatsville  Tests, 
W.  F.  M.  Goss 

12.3  to  29.8 

Penn.  R.  R.  Co. 

Test  Dept., 
Bulletin  No.  21 

6  to  8 

Penn.  R.  R.  Co. 

Test  Dept., 
Bulletin  No.  30 

26.8 

A.  R.  M.  M.  Ass'n. 
Proceedings,  1914 

12  to  13 

Penn.  R.  R.  Co. 

Test  Dept., 
Bulletin  No.  6 
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IV.     How  to  Save  Coal 

9.  Means  to  be  Employed. — The  character  and  extent  of  the 
losses  which  may  occur  in  transporting,  storing,  and  handling  coal  for 
locomotive  use,  the  losses  which  may  occur  through  terminal,  round- 
house, and  road  delays,  when  firing,  cleaning  and  turning  locomoti 
and  the  losses  which  occur  in  connection  with  the  burning  of  the  fuel 
and  the  use  of  the  steam  have  been  summarized  and  discussed.  1 
effort  has  also  been  made  to  show  in  what  connection  it  is  possible  to 
effect  fuel  economy  and  to  indicate  approximately  the  magnitude  of 
the  possible  saving.  It  is  the  purpose  of  the  present  chapter  to  point 
out  how  these  savings  can  1*.'  made  and  to  indicate  the  officials  or 
employes  who  would  assume  the  responsibility  for  making  them. 

Coal  can  be  saved  in  connection  with  ; 

(1)  The  selection,  distribution,  and  storage  of  coal 

(2)  Roundhouse  and  shop  equipment  and  t lie  care  of  loco- 

motiv' 

(3)  Locomotive  design 

(4)  Locomotive   operation 

It  should  further  be  emphasized  that  only  through  cooperation 

upon  thf  part  of  all  who  are  in  any  way  concerned  with  locomotive 
fuel  can  the  highest  degree  of  economy  be  attained. 

In  addition  to  the  four  avenues  of  economy  mentioned  tie 

certain  matters  of  organization  or  operation  which  affect  fuel  economy 
in  b  broad  sense  or  which  under  present  conditions  should  be  adopted 
in  the  effort  to  save  coal.     A  properly  organized  fuel  department 

should   do  much   to   prevent    eoal   \\;i^'s.      This  department    may   h. 

charge  of  the  purchase.  Inspection,  and  distribution  ,,;'  fuel,  exerc 
supervision  looking  to  its  economical  use.  prepare  and  make  me 

•  r-ls  relating  to  fuel  consumption  and  standards  of  performan 
and  have  charge  of  such  educational  work  as  fa  to  be  carried  on 
the  purpose  of  promoting  fuel  economy.    The  establishment  of  proper 

.lards  of  performance  with  regard  to  fuel  consumption  together 

with   thorough   going  Supervision   by    road   foremen   of  engines  or   fuel 

supervisors  are  of  the  greatest  importance  in  the  matter  of  coal 
iiiLrs.    Managing  officials  may  find  it  possible  to  save  eoal  through  • 


30  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

rearrangement  of  schedules  or  through  a  reduction  in  the  weight  or 
speed  of  some  of  the  heavier  and  faster  trains.  Careful  consideration 
may  show  that  certain  locomotives  in  freight  service  are  not  operating 
economically  because  of  overloading.  Heavy  loading  of  locomotives 
is  being  relied  upon  at  the  present  time  to  move  large  amounts  of 
traffic.  The  traffic  gain  may  be  of  much  greater  importance  than  the 
amount  of  fuel  wasted.  Where  such  wastes  occur,  however,  they 
should  be  recognized  and  prevented  if  possible.  On  the  other  hand, 
the  elimination  of  some  fast  freight  runs  and  the  handling  of  greater 
tonnage  per  train  at  slower  speed  may  be  a  possible  means  of  saving 
coal. 

10.  Selection,  Distribution  and  Storage  of  Coal. — Certain  coal 
savings  can  be  effected  through  the  exercise  of  care  in  selecting  the 
kind  or  size  of  coal  best  fitted  for  the  service  or  for  the  locomotives  in 
which  it  is  to  be  used.  Coal  can  be  saved  by  preventing  the  actual 
loss  of  coal  during  its  distribution  as  from  cars,  tenders  and  coal 
chutes,  and  by  preventing  fire  loss  or  deterioration  in  storage  coal. 
The  selection,  distribution,  and  storage  of  coal  and  their  relation  to 
losses  and  possible  savings  are  discussed  in  this  circular  in  the  chapter 
on  coal. 

11.  Roundhouse  and  Shop  Equipment  and  the  Care  of  Loco- 
motives.— Coal  can  be  saved  by  improving  shop  and  roundhouse  facil- 
ities for  the  maintenance  and  care  of  locomotives.  While  it  is  difficult 
to  estimate  the  exact  extent  of  the  coal  savings  to  be  effected  through 
improved  roundhouse  and  shop  facilities,  it  is  known  that  a  locomo- 
tive in  poor  condition  mechanically  or  one  in  which  scale,  soot  and 
leaks  have  become  serious  may  use  10  to  40  per  cent  more  coal  than  a 
locomotive  in  good  condition.  Modern  facilities  properly  operated 
should  help  maintain  all  locomotives  in  better  average  condition.  Good 
coal  chutes,  ashpits,  inspection  pits,  hot  water  washing  and  filling 
systems,  and  good  general  roundhouse  equipment  and  organization 
make  it  possible  to  care  for  locomotives  properly  within  a  reasonable 
time,  prevent  the  turning  of  engines  without  sufficient  cleaning  or 
maintenance  work,  and  thus  prevent  the  waste  of  coal  which  results 
from  dirty,  leaky,  and  poorly  maintained  locomotives. 

(f(>(,(\  shop  facilities  are  also  important  in  the  matter  of  saving 
coal  through  their  relation  to  locomotive  maintenance.     Every  piece 
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of  poor  or  careles-  work  whether  in  connect  ion  with  the  boiler  parts, 
the  engine  parts,  or  the  auxiliary  apparatus  means  a  Loss  of  coal  later 
through   I  tisfactory  Locomotive   performance.     Shop  men   and 

shop  officials  should  recognize  the  responsibility  they  bear  in  matl 

of  this  kind.  Leaks  mean  losses  which  arc  often  repeated  day  after 
day.  Ill-fitting  parts  mean  loss  of  power  and  of  coal.  Good  work- 
manship always  means  fuel  economy. 

Whatever  may  be  the  shop  and  roundhouse  facilities  available  it 
should  be  remembered  by  the  roundhouse  forces  that  locomotive  fuel 
economy  is  very  largely  dependent  upon  how  well  and  how  thoroughly 
locomotives  are  cleaned  and  cared  lor  between  trip'-.  The  following 
up  of  enginemen's  reports  and  thorough  inspection  make  it  possible 
for  work  upon  the  locomotive  to  be  nubt   effectii  ireful   repairs 

of  leaks,  of  grates,  of  arches,  and  of  locomotive  running  parts  m< 
fuel  economy.     Boilers  should  be  properly  washed  and  kept  free  from 
heavy  scale.     Leaks,  which  are  the  cause  of  many  of  the  moai  BCli 
fuel  losses,  are  often  due  to  scale  and  mud.    Tubes,  tul  and 

superheater  flues  and  units  should  lie  cleaned  of  800l  and  ashes,     S 
and  scale  often  cause  very  large  fuel  Losses;  their  removal  means  fuel 
saved.     To  send  out  a  locomotive  in   poor  condition   means  a   - 
waste  of  coal. 

12.  Locomot'iri  Design, — Executive  and  motive  power  officials 
can  save  coal  through  attention  to  mat*  locomotive  design  and 

equipment.    The  Eacl  that  difficult  teeming  expenditure  ime 

and  money  are  involved  ought  not  to  prevent  ti  :'ul  consideration 

such  matters.    The  savin  »al  which  can  be 

lines  is  most  important. 

It  may  be  possible  I  i  coal : 

\\y  using  grates  and  ban  better  suited  to  the  kind  and 

size  of  coal. 

providing  ashpans  with  greater  openings  for  tic  admis- 

ion  of  air. 

r.     making  the  front  end  arrangemenl  more  economical  in 

the  use  of  exha  ;n  01  in  utilizing  the  he  ted  in  the 

firebox 

By  making  packing  and  lubrication  d 
reducing  friction. 
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The  installation  of  superheaters  and  brick  arches  upon  existing 
equipment  should  receive  careful  consideration  and  installations  should 
be  made  as  rapidly  as  possible  where  warranted.  Under  present  con- 
ditions the  more  general  installation  of  important  fuel  saving  devices 
of  this  kind  is  advisable  even  though  the  financial  savings  may  be 
slight. 

While  engineers  and  firemen  are  not  primarily  responsible  for 
matters  of  locomotive  maintenance  and  design,  they  can  aid  materially 
by  making  careful  and  specific  reports  about  all  matters  requiring 
attention.  Many  defects  such  as  leaks  can  be  discovered  only  by 
engineers  and  firemen  while  the  locomotive  is  at  work  on  the  road, 
and  their  cooperation  in  reporting  trouble  is  essential  to  good  main- 
tenance. Under  the  common  practice  of  pooling  engines,  the  incentive 
to  be  scrupulous  in  this  regard  is  not  so  great  as  under  the  old  plan, 
but  the  responsibility  nevertheless  remains. 

Fuel  Consumption  while  not  Hauling  Trains 

13.  Locomotive  Operation. — It  has  already  been  pointed  out  that 
about  one-fifth  of  all  locomotive  fuel  is  burned  during  the  time  when 
the  locomotive  is  not  hauling  trains. 

Yardmasters  can  save  coal  by  delivering  engines  quickly  to  the 
roundhouse  and  thereby  cutting  down  the  time  during  which  fires 
must  be  kept  burning. 

Fires  kept  up  during  delays  at  ashpits  mean  a  waste  of  coal,  and 
the  elimination  of  such  delays  may  be  the  means  of  important  fuel 
savings. 

Coal  can  be  saved  through  economical  methods  of  kindling  fires 
and  through  the  use  of  economical  kindling  material.  If  considerable 
coal  falls  through  the  grates  when  building  fires,  it  should  be  saved 
and  not  allowed  to  become  mixed  with  the  ash. 

When  fires  are  maintained  in  the  house,  coal  can  be  saved  by 
covering  the  stacks  to  hold  the  fire  and  retain  the  heat.  A  light  metal 
cover  having  an  adjustable  slide  which  may  be  opened  sufficiently  to 
permit  the  emission  of  condensed  vapors  and  gases  created  when  the 
locomotive  is  standing  with  banked  fires  can  be  made  very  cheaply. 

f'oal  can  be  saved  through  the  cooperation  of  roundhouse  and 
transportation  forces  in  the  matter  of  calling  engines,  thus  preventing 
their  standing  under  steam  longer  than  is  necessary. 

Yardmasters,  dispatchers,  and  trainmen  can  save  coal  through 
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assisting  in  the  elimination  of  yard  and  other  terminal  delays.  Loco- 
motives in  readiness  to  handle  trains  are  burning  coal  rapidly  no 
matter  how  carefully  the  enginemen  may  handle  them. 

While  engines  are  standing  at  meeting  points  or  on  sidings,  fi 
must  be  maintained.     A  large  amount  of  fuel  is  burned  under  such 
circumstances.     Transportation   forces   can   effect    a   substantia]   coal 
saving  by  eliminating  as  large  a  part  of  these  delays  as  possible. 

Every  stop  on  the  road  means  the  consumption  of  considerable 
coal.  Every  unnecessary  stop  means  a  waste  of  coal.  Transportation 
men,  trainmen,  and  enginemen  should  all  assist  in  preventing  un- 
necessary stops. 

Transportation  employes  should  appreciate  that  their  branch  of 
the  service  offers   important  opportunities  for  the  saving  of  © 
Through  action  on  their  part  that  portion  of  the  fuel  now  being  burned 
on  locomotives  not  actually  used  in  hauling  trains  may  be  materially 
diminished,  and  a  coal  saving  of  great  importance  accomplished. 

Theory  of  Combustion 
There  are  three  factors  involved  in  the  process  of  combustion  ■ — 

(1)  There  must  be  fuel 

(2)  There  must  be  oxygen 

(3)  There  must  be  an  ignition  temperature 

Thus  stated   it    would  seem   to  be  a   simple  matter,  but   effective 

combustion,  under  the  conditions  which  exist  in  tie'  locomotive  firel 

presents  problems  which  are  more  complex  and  difficult  than  tl. 
found  in  the  stationary  plant. 

Tie-  essential  constituents  of  coal,  that  is.  the  combustible  or  b< 
producing  substances,  are  carbon  and  hydrogen.    The  mineral  matter 

and   the   moisture   constitute   a    QOn-burnable    portion    and   com; 

\rvy  considerable  part,  approximately  25  per  emit,  of  the  sverage  bi- 
tuminous coal. 

In    tie*   process  Of  combustion,   every    parti. -le  of  tic   actual   com- 
bustible material  must  be  supplied  with  an  exact  ami  definite  quantity 
of  oxygen;  Otherwise  the  burning  process  does  not   take 
pro  incomplete 

The  carrier  of  o  bi  air.  bul  air  is  not  all 

of  its  volume  being  oitrogen.    Nitrogen  is  an  inert  gas  which  in  no  * 
contributes  to  the  pi  of  combustion  but  rather  retards  it  through 
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its  diluting  effect  which  makes  the  process  of  complete  and  quick  mix- 
ing of  oxygen  with  the  fuel  more  difficult. 

Because  the  locomotive  firebox  is  small  the  rapidity  of  combus- 
tion is  of  vital  importance.  The  rapidity  of  combustion  depends  upon 
two  factors :  the  completeness  of  mixture  of  air  with  combustible  gases, 
and  the  temperature.  If  the  fuel  mixture  is  as  intimate  as  is  found  in 
a  gasoline  engine  cylinder,  the  combustion  proceeds  with  explosive 
rapidity,  even  though  the  gases  are  surrounded  by  cold  surfaces.  The 
high  temperature  of  gases  alone  without  good  mixing  of  air  will  not  of 
itself  produce  rapid  combustion ;  the  more  necessary  factor  is  intimate 
mixture  of  gases  at  the  ignition  temperature.  To  increase  temp- 
eratures above  the  ignition  point  tends  to  accelerate  the  process. 
Combustion  attains  the  greatest  rapidity  with  perfect  mixtures  at  the 
highest  temperature.  Under  ordinary  conditions  in  the  locomotive 
firebox  the  temperature  is  high  enough  to  produce  rapid  combustion, 
provided  the  mixing  is  complete. 

The  average  bituminous  coal  contains  approximately  75  per  cent 
of  actual  combustible  material,  about  half  of  which  must  burn  as 
volatile  matter  in  the  combustion  space.  The  other  half,  or  possibly 
about  40  per  cent,  is  in  the  form  of  fixed  carbon,  which  burns  nearly 
completely  on  the  grate.  The  volatile  part  of  the  combustible,  which 
is  driven  from  the  coal  and  must  be  burned  in  the  combustion  space, 
consists  of  complex  gases  which  are  hard  to  burn.  On  the  other  hand, 
the  fixed  carbon  remaining  on  the  grate,  when  burning,  produces  gas 
which  is  simple  and  is  easy  to  burn.  The  rate  at  which  air  is  forced 
through  the  fuel  bed  controls  the  rate  of  combustion  of  the  coal.  The 
completeness  of  combustion  of  the  gases  above  the  fuel  bed  depends 
upon  the  air  furnished  above  the  fuel  bed,  either  through  the  door, 
staybolt  openings,  or  holes  in  the  fire.  In  locomotive  practice  a  large 
part  of  this  supplementary  air  must  enter  through  the  holes  in  the 
fire,  the  intense  pulsating  draft  requiring  relative^  small  holes  to 
supply  this  air.  It  is  essential  to  keep  an  even  firebed  without  visible 
holes  or  black  spots  in  order  to  prevent  an  excess  of  air  being  drawn 
through  the  holes  in  the  fuel  bed.    When  burning  coal  at  60  pounds 

square  foot  of  grate  per  hour,  free  openings  for  air  from  two  to 
four  per  cent  of  the  grate  area  will  supply  ample  air  for  combustion 
of  tli'  above  the  fuel  bed.     The  most  skilful  firing  is  none  too 

l  to  maintain  an  even  bed  which  will  restrict  the  free  air  openings 

•v  the  figures  given. 
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With  regard  to  the  volatile  portion  of  the  fuel,  most  of  it  is  given 
off  in  a  few  seconds  after  the  coal  reaches  the  fuel  bed.    The  1 
tar-like  constituents  are  all  driven  off  by  the  time  the  coal  has  attained 
a  dull  red  heat.     The  volatile  matter  from  the  coal  is  a  mixture  of 
complex  gases  requiring  a  very  large  amount  of  air  for  complete  <•• 
bastion.    Some  of  the  gases  take  ten  times  their  own  volume  of  air  and 
other  gases  as  much  as  one  hundred  times  to  produce  complete  com- 
bustion.   The  composition  of  these  gases  depends  upon  the  conditio 
under  which  combustion  proceeds.     If  there  is  a   lack  of  oxygen, 
th.se  complex  gases  will  be  rapidly  decomposed  by  the  high  t 
perature,  with  the  ultimate  product  of  carbon  in  the  form  of  - 
hydrogen,  and  carbon  monoxide.     Probably  95  per  cent  of  this  carbon 
formation  takes  place  within  the  first  foot  above  the  fuel  bed.     In 
the  absence  of  oxygen,  extremely  high  temperatures  accc'  the 

breaking  down  of  the  heavy  hydrocarbons  into  soot  near  the  fuel  I 
One  reason  why  locomotive  firing  requires  skill  is  that  the  condit: 
giving  high  economy  are  not  definitely  controllable  by  the  fireman. 
Immediately  after  firing  green  coal  on  a  uniformly  level  firebed  the 
small  holes  are  made  smaller  just  at  the  time  when  more  air  is  Deeded, 
and  these  holes  grow  larger  and  deliver  an  increasing  amount  of  air 
just  when  the  fire  requires  a  decrea  ing  supply  of  air.  The  only  way 
to  approximate  a  satisfactory  condition  is  to  make  the  chi  and 

firing  intervals  wry  small  so  that  extreme  conditions  do  not  depart 
materially  from  average  conditio]  r  supply. 

For  efii<'ient  combustion  the  following  conditions  must  be 
fied: 

(1)    Fuel  and  air  musl   be  admitted  in  a-  nearly  a  uniform 

manner  as  i" 

_'     A  proper  distribution  and  thorough  mixing  of  the  air 

with  the  COmbu  9  in  the  ii:  QUSt  t;: 

(3)  A   sufficiently  high  and  uniform   firebox  temperature 
list  be  maintained. 

Fuel  Consumption  while  Hauling  Trains 

Pour-fifths  of  all  Locomotive  fuel  are  Died  while  the  locomotive 
is  in  operation  actually  hauling  trains.  For  the  year  1918  this  will 
amount  to  about  120,000,000  tons  «•!'  coal.    Tie'  I  mount  i  f 

involved  a. his  emphasis  t<>  tic  desirability  of  employing  any  means 
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which  may  be  available  to  effect  greater  economy  in  the  use  of  fuel  in 
locomotives  during  the  time  they  are  performing  useful  work.  Since 
locomotives  are  directly  under  the  charge  of  the  engineer  and  fireman 
at  this  time,  the  responsibility  lies  largely  with  them. 

Firing  instructions  both  printed  and  verbal  are  commonly  based 
upon  the  assumption  that  the  locomotive  is  in  good  condition.  "While 
losses  due  to  defects  in  design  and  improper  maintenance  may  be 
great,  engineers  and  firemen  should  recognize  that,  with  any  loco- 
motive, whatever  its  general  condition,  the  difference  between  careful 
and  skilful  operation  and  firing,  and  poor  and  indifferent  operation 
may  easily  account  for  five  or  ten  per  cent  of  the  coal  required  to 
perform  a  given  amount  of  work. 

Firing  Instructions 

The  principal  purpose  of  firing  instructions  is  to  help  to  reduce 
some  or  all  the  fuel  losses  which  have  been  considered  in  the  section 
on  "The  Distribution  of  the  Heat  Generated  in  the  Firebox' '  and 
which  are  listed  in  Table  1,  page  20.  In  connection  with  the  process 
of  combustion  the  firing  instructions  aim  to  prevent  loss  by  showing 
how  the  three  conditions  necessary  to  satisfactory  combustion  may  be 
brought  about  (see  "Theory  of  Combustion,"  page  35). 

Instructions  regarding  level  firing  and  the  avoidance  of  banks, 
holes  and  clinkers,  and  regarding  door  control,  blower  operation,  and 
grate  operation  relate  to  the  supplying  of  the  proper  amount  of  air 
and  the  thorough  admixture  of  this  air  with  the  burning  fuel.  In- 
structions relating  to  firing  at  a  uniform  rate,  to  spreading  the  coal, 
and  to  closing  the  firedoor  are  largely  aimed  at  securing  a  sufficiently 
high  and  uniform  firebox  temperature. 

A  level,  bright  fire  should  be  maintained.  In  general  also  the 
fire  should  be  as  light  as  is  consistent  with  the  work  which  the  loco- 
motive is  doing  and  with  the  character  of  the  fuel  being  used.  Certain 
precautions  are  to  be  observed  in  maintaining  a  light,  bright,  and  level 
fire.  Large  lumps  of  coal  should  not  be  fired ;  they  tend  to  make  the 
fire  uneven.  All  large  lumps  should  be  broken  into  pieces  not  larger 
than  three  or  four  inches. 

Apply  fresh  coal  to  the  parts  of  the  fire  which  are  the  brightest 
and  thinnest,  that  is,  where  the  coal  is  needed  most  to  keep  the  fire 
level  and  uniformly  bright. 
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Fig.  8.     Banks  in  the  Fire 


The  condition  here  represented  shows  the  results  of  not  enough  air  or  of  too  much  air. 

Banks  may  restrict  the  air  supply  to  such  an  extent  that  there  is  not  enough  air  to  insure  com- 

d    though   large   quantities  of   air  may   enter  through  the  thinner  parts  of  the 

fire  or  through  the  firedoor,  the  combustible  gases  arising  from  the  banks  may  not  receive  a 

sufficient  supply   of   air  before  they  escape   from  the   firebox.     The  firebox  may   be  receiving 

ich  air  and  still  not  burn  the  coal  because  of  the  poor  mixing. 

Above   the  thinner  parts  of  the  fire  there  may  be  more  air  than  is  needed  to  burn  the 

with    which    it    comes   in    contact.      This   surplus   air   does   not   assist   in   the   combustion 

e  firebox  temperature  and  carries  off  heat  through  the  stack. 
Where    the    coal    and    gases   are    heaviest   the    incoming    air    supply    is   least,    and   neither 
the   Incoming   air   nor  the  gases  arising  from  the   fuel   are  sufficiently  divided   into  numerous 
well    distributed    small    streams   to    permit  easy    and    rapid   mixing.      Gases   arising   from    the 
fuel  bed  reach  the  flues  in   a  very  short  time  and  mixing  must  be  rapid. 

banks  of  green  eoal  and  the  smoky  gas  arising  from  them  tend  to  cool  the  firebox 
as  a  whole.  Home  parts  of  the  fire  burn  much  more  brightly  than  others  and  the  temperature 
throughout  the  firebox  if  not  uniform.  Smoke  and  unburned  gases  result  from  this  condi- 
tion. 
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Fig.  12.     Holes  in  the  Fire 


This  figure  is  similar  to  Tig.  9  but  shows  a  firebox  equipped  with  the  brick  arch.     The 
combustion  conditions  shown  are  intended  to  be  practically  the  same  as  in  Fig.  9  with  com- 
what    better   as  the   erases  approach    the   flues  above  the   arch.      The   intention   is 
to  show  similar  combustion  conditions  rather  than  the  effect  of  the  arch. 


THE   ECONOMICAL   USE   OF    COAL    IX    RAILWAY    LOCOMOTIVI £  43 

Fire  the  coal  in  small  amounts  and  at  regular  intervals.  One 
or  two  shovelsful  at  a  firing  should  ordinarily  give  the  best  results. 
With  large  fireboxes  and  high  rates  of  combustion  it  is  often  found 
necessary  to  apply  from  three  to  five  shovelsful.  In  any  case  each 
shovelful  should  be  spread  to  that  part  of  the  fire  where  it  is  most 
ii'  ded  to  keep  the  firebed  level  and  to  keep  the  fire  as  a  whole  as 
bright  as  possible. 

Large  amounts  of  coal  applied  at  one  firing  give  off  so  large  a 
volume  of  gases  that  they  cannot  all  be  burned  before  escaping  from 
the  firebox;  consequently  firebox  temperatures  are  lowered,  and  the  air 
supply  through  the  grate  is  restricted  or  broken  up  into  uneven 
streams.  The  result  is  poor  combustion  and  coal  loss.  Proper  mixture 
of  air  and  fuel,  and  sufficiently  high  firebox  temperatures  produce 
good  firebox  conditions.  Uniformity  in  the  firing  of  coal,  that  is,  the 
firing  of  small  amounts  at  regular  intervals,  promotes  these  conditions. 

Firing  instructions  concerning  the  spreading  of  the  coal,  cross 
firing,  and  firing  slightly  heavier  next  the  firebox  sheets  to  prevent 
excessive  air  entering  along  the  sides  and  ends  are  intend.', 1.  first,  to 
help  in  securing  a  sufficient  but  not  too  great  air  supply  through  the 
fuel  bed,  and  secondly,  to  insure  the  mixing  of  the  air  thoroughly  with 
the  burning  fuel.  The  fuel  bed  being  uniform  and  of  equal  thickness 
throughout,  the  air  will  come  through  it  in  a  uniform  manner  and  SO 
be  more  or  Leas  thoroughly  mixed  both  with  the  fuel  burning  on  the 
■/rate  and  with  the  burning  arising  from  the  fuel  lied. 

• 

Pig.  7  illustrates  a  level  uniform  fire  In  which  a  uniform  supply 
of  air  is  passing  through  the  fuel  bed.  good  admixture  of  air,  fuel  and 
gases  is  taking  place,  and  a  high  firebox  temperature  is  being  main- 
tained. These  three  conditions  resull  in  practically  complete  combus- 
tion and  in  t!  possible  fuel  economy. 

Pig.  8  shows  firebeds  in  which  banks  hare  been  permitted  to  form 
either  because  of  heavy  firing  under  the  firedoor  or  because  of  uneven 
firing  on  other  parts  of  the  grate.  Pig.  9  shows  a  hole  or  spot  in  the 
lire.    Firebeds  in  which  bad  clinkers  have  formed  constitute  another 

unple  of  poor  firing  conditions.    Banks,  holes,  and  clinkers  all  t- 
to  interfere  with  the  uniform  flow  of  air  through  the  fuel  bed.    Banks 
and  clinkers  restrict  the  flow  of  air  through  parts  of  the  bed  and  accel- 
erate it  through  Other  parts.     Boles  permit  large  amounts  of  cold  air 
to  flow  through  them  and  retard  the  flow  <>f  air  through  other  parts 

of  the  fuel  bed     I'mlne  lack  of  uniformity  in  the  fuel  bed  interferes 
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with  a  uniform  supply  of  air,  prevents  the  proper  mixing  of  air  and 
fuel,  and  tends  to  lower  the  temperature  of  the  firebox. 

Figs.  10,  11  and  12  present  illustrations  similar  to  Figs.  8,  9  and 
10,  except  for  the  addition  of  the  brick  arch.  In  general,  it  may  be 
said  that  it  should  be  easier  to  maintain  good  firebox  conditions  where 
there  is  a  brick  arch  and  that  the  bad  effects  due  to  banks  or  holes 
will  be  reduced  through  the  action  of  the  arch.  The  arch  produces  a 
much  longer  average  path  for  the  gas  to  travel  from  the  surface  of  the 
firebed  to  the  flues,  thus  permitting  and  assisting  in  a  more  intimate 
mixture  of  the  air  with  the  burning  gases.  The  hot  arch  brick  also 
assists  in  maintaining  a  uniform  temperature  in  the  firebox.  In  all 
the  figures  the  attempt  has  been  made  to  illustrate  certain  combustion 
conditions  as  related  to  air  supply,  air  mixture  and  firebox  temper- 
ature, and  to  emphasize  the  importance  of  maintaining  proper  condi- 
tions in  these  respects  irrespective  of  any  particular  firebox  or  type 
of  locomotive. 

Care  should  be  exercised  in  shaking  grates,  the  purpose  of  which 
operation  should  be  to  remove  such  ash  and  clinker  as  may  be  nec- 
essary in  order  to  admit  sufficient  air  but  to  avoid  disturbing  the  fuel 
bed  so  much  that  holes  or  additional  clinker  may  be  formed.  Prefer- 
ably the  grates  should  be  shaken  when  the  locomotive  is  standing, 
since  holes  are  likely  to  result  from  shaking  the  grates  when  running. 
Many  western  bituminous  coals  such  as  those  from  Illinois,  Indiana 
and  western  Kentucky  cannot  be  satisfactorily  burned  without  fre- 
quent shaking  of  the  grates.  Some  eastern  coals  may  be  burned  with 
practically  no  shaking  of  the  grates. 

The  firedoor  should,  in  general,  be  closed  immediately  after  each 
shovelful  of  coal  is  fired.  This  practice  prevents  an  improper  air 
supply,  which  cannot  properly  mix  with  the  burning  gases  and  helps 
maintain  a  uniform  firebox  temperature.  When  the  firedoor  is  wide 
open  a  large  volume  of  cold  air  rushes  into  the  firebox.  This  cold  air 
lowers  the  firebox  temperature  and,  being  in  one  large  stream,  does 
not  readily  become  mixed  with  the  gases  arising  from  the  fuel  bed. 
Too  much  air  may  be  supplied  through  the  firedoor  under  almost  all 
firing  conditions. 

Emmediately  after  a  shovelful  of  coal  is  thrown  on  the  fire,  the 

arising  from  that  coal  require  more  air  above  the  fuel  bed  than 

otherwise  needed.     Leaving  the  firedoor  on  the  latch  is  sometimes 

tageous  at  this  time  since  it  allows  a  certain  amount  of  air  to 
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enter.  In  general,  however,  the  ashpan  openings,  the  grate  openings, 
and  the  condition  of  the  firebed  are  such  that  the  greater  part  of  the 
air  required  for  combustion  is  drawn  through  the  grates  and  the  open- 
ing or  partial  opening  of  the  firedoor  to  supply  air  rendered  un- 
necessary. In  all  cases  the  instructions  regarding  the  firedoor  are 
aimed  at  the  proper  air  supply,  the  proper  mixing,  and  the  mainte- 
nance of  a  high  firebox  temperature. 

The  blower  should  not  be  so  used  as  to  draw  an  unnecessarily 
large  amount  of  air  through  the  firebox.  The  throttle  should  not  be  so 
operated  as  to  disturb  the  firebed  and  the  slipping  of  drivers  should 
be  avoided  since  the  firebed  is  disturbed  through  the  violent  action 
resulting  from  the  exhaust  steam. 

The  waste  of  steam  through  the  safety  valve  should  be  avoided  at  all 
times.  Careful  attention  to  the  handling  of  the  fire  at  the  time  of  a  Btop 
or  when  standing  or  drifting  will  prevent  blowing  off  and  wasting  fuel. 

Careful  attention  to  the  handling  of  the  injectors  will  joal 

in  several  ways.  AYa>te  of  steam  through  safety  valves  may  be  | 
vented  through  the  use  of  the  injector.  The  water  level  in  the  boiler 
should  never  be  so  high  as  to  cause  water  or  very  moist  steam  to  be 
carried  over  to  the  Buperheater  or  to  the  cylinders.  A  very  serious  fuel 
loss  may  occur  from  this  cause.  In  general  the  injecl  hould  feed 
the  boiler  at  a  fairly  uniform  rate.  It  is  often  possible  to  make  firebox 
conditions  more  Dearly  uniform  and  more  satisfactory  through  the 
operation  or  regulation  of  the  injectors.  When  the  demand  upon  the 
locomotive  is  Light,  the  operation  of  the  injectors  makes  the  demand 

upon  the  firebox  BOmewhal  heavier;  and  when  the  demand  upon  the 
locomotive   is    heavy,    a    reduction    in    the   amount    of   water   supplied 

makes  the  demand  upon  the  firebox  Lighter  than  would  other? 
the  case.    The  injector^  should  feed  the  water  required  by  the  boiler 
in  such  manner  as  to  assist  in  maintaining  uniform  and  satisfactory 
firebox  conditions  and  they  should  not  he  so  handled  as  to  occasion 
direct  lo>s  of  steam  through  the  safety  valves,  or  t<>  cause  primii 

The  n  lever  and  throttle  should  always  be  so  handled  as  to 

us,-  the  minimum  amount  of  steam.    The  following  extracts  concern- 
ing throttle  opening  ami  reverse  lever  control  arc  taken  from  the  in- 
structions concerning  fuel  economy  which  have  been  adopted  as  i 
ommended   practice  by  the  American   Railway   Master,   sfechai 

Association.* 


*  e  •    ..dinjra  of  the  Ani.-rirnn  Railway  Ma  .inics'  AsaocUtion.  Vol.  4i» 
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' '  The  locomotive  should  be  operated  with  a  full  throttle  opening  (except 
when  starting  or  drifting)  when  the  cut-off  is  25  per  cent  of  the  stroke,  or 
greater;  but  if  25  per  cent  cut-off  with  full  throttle  gives  more  power  or 
speed  than  is  needed,  the  reverse  lever  should  be  left  at  25  per  cent  cut-off  and 
the  throttle  partly  closed  as  necessary.  With  locomotives  using  superheated 
steam  it  is  well  to  use  15  per  cent  cut-off  instead  of  25  per  cent,  as  mentioned. 

1 '  Superheater  locomotives  should  be  operated  with  a  full  throttle  opening 
and  reverse-lever  control,  as  far  as  service  conditions  will  permit,  the  excep- 
tions being:  When  starting  a  train,  when  using  a  very  small  quantity  of 
steam,  and  when  drifting. ' ' 

The  careful  handling  of  the  throttle  and  reverse  lever  saves  steam 
at  the  cylinders  and  also  makes  it  possible  for  the  fireman  to  do  his 
work  more  easily  and  with  a  greater  saving  of  fuel  in  the  firebox. 

Certain  other  firing  precautions  relating  to  injector  operation  or 
firing  in  anticipation  of  heavy  demands  for  steam  are  for  the  purpose 
of  avoiding  unusual  "peaks"  in  the  demand  made  on  the  firebox  and 
the  uneconomical  forcing  of  the  fire.  Very  heavy  firing  is  wasteful  as 
compared  with  moderate  rates  of  firing.  Where  demands  upon  the 
locomotive,  such  as  may  be  caused  by  a  heavy  grade,  can  be  anticipated 
a  somewhat  gradual  building  up  of  the  fire  will  help  to  equalize  the 
demands  made  upon  the  firebox.  This  practice  will  to  a  certain  extent 
prevent  high  rates  of  combustion  and  so  will  be  economical  of  fuel. 
The  careful  operation  of  the  injectors  before  and  during  such  "peaks" 
and  the  careful  operation  of  the  locomotive  as  a  whole,  together  with 
the  handling  of  the  fire  to  the  best  advantage,  will  do  much  to  prevent 
the  necessity  for  very  high  rates  of  combustion  and  the  loss  of  fuel 
which  attends  such  periods  of  forced  firing. 

Still  other  precautions  are  for  the  purpose  of  eliminating  or  re- 
ducing coal  losses  which  occur  more  or  less  independently  of  the  effi- 
ciency of  the  combustion  process.  Coal  when  placed  on  tenders  should 
be  trimmed  so  that  there  shall  be  no  loss  through  falling  off  on  the 
road  bed.  Coal  should  not  be  allowed  to  fall  or  blow  away  from  the 
engine  deck.  The  sprinkler  hose  should  be  used  enough  to  keep  down 
dust  and  to  prevent  fine  coal  from  blowing  about. 

Unnecessary  stops  for  coal  or  water  or  other  unnecessary  stops 
which  may  be  within  the  control  of  the  engine  crew  should  not  be 
made.  Each  stop  and  start  requires  the  burning  of  additional  coal. 
Prevention  of  delays  of  this  kind  in  so  far  as  they  may  come  within 
the  control  of  eneinemen  will  save  coal. 
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The  direct  loss  of  coal  or  partially  burned  coal  through  the  grates 
to  the  ashpan  should,  of  course,  be  prevented  in  so  far  as  possible. 
The  careful  handling  of  the  grates  and  the  exercise  of  care  when 
starting,  cleaning,  or  banking  fires  will  save  coal. 

Locomotives   should  not  be  brought    into  terminals   with   a   fire 
heavier  than  is  necessary  properly  to  handle  the  train  and  the  locomo- 
tive.   A  large  fire  which  must  burn  out  or  be  dumped  when  the  iir 
cleaned  means  a  direct  waste  of  fuel. 

Every  pound  of  steam  which  can  be  saved  in  the  operation  of  the 
air  pumps  or  in  the  use  of  other  steam  using  devices  and  every  steam 
leak  which  can  be  prevented  or  stopped  means  a  corresponding  saving 
of  fuel.  In  like  manner  the  economical  use  of  air  means  eoal  economy. 
Air  leaks  and  wastes  often  mean  much  larger  coal  losses  than  is  com- 
monly realized. 

It  takes  extra  power  to  operate  valves  and  other  parts  of  the  loco- 
motive mechanism  which  are  not  properly  lubricated  and  this  wa 
of  power  means  a  waste  of  coal. 

The  economical  use  of  steam,  other  than   in  the  main  cylin.l 
the  economical  use  of  air,  the  prevention  of  leaks  whether  of  coal, 
water,  steam,  air,  or  heat,  and  proper  lubrication  all  mean  economy 
and  coal  saving. 

The  Significance  of  Smoke 

The  emission  of  visible  smoke  from  the  stack  of  a  locomotive 
evidence  of  the  presence  of  unconsumed  volatile  matter  and  soot,  or 

the  heavy  distillates  of  coal,  and  indicates  that  conditions  in  the  iire- 

boi  are  not  Mich  as  to  promote  fuel  economy.    The  direct  Loss  rep- 
ented by  the  Bmoi  I  is  not  serious,  but  the  conditions  of  which 

smoke  is  an  indication  may  often  result  in  waste. 

The  prevention  of  smoke  depends  to  a  large  extent   upon  an  ade- 
quate aii-  supply,  iis  proper  mixture  with  the  combustible  and 
the  maintenance  in  the  combustion  chamber  or  ftrel 
ature  sufficiently  high  to  insure  the  ignition  and  combustion  of  the 

distillates   arising    from    the   coal.      Tims.-    distillates    must    he 

quickly  and  kept  at  a  high  temperature  until  tl.  of  com': 

is  c  ted.    The  brick  arch  is  an  aid  in  promoting  better  condit 

in  the  firebox  and  consequently  in  reducing  smoke,  since  it  help 
mix  the  air  and  and  to  maintain  a  uniformly  high  firebox  tem- 

perature.    The  careful   use  of  St  tfl   is  also  an   aid   in   reducing 

smo 


48  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

In  general,  it  should  be  recognized  that  the  emission  of  smoke  is 
an  indication  of  unsatisfactory  conditions  in  the  firebox  which  should 
be  corrected  as  promptly  as  possible. 

The  discharge  from  locomotive  smoke  stacks  contains  not  only  the 
unconsumed  distillates  of  coal  but  an  amount  of  cinders  and  unburned 
fuel  particles  which  have  a  unit  heating  value  equivalent  to  about 
three-fourths  that  of  the  original  fuel.  This  discharge  of  cinders 
varies  according  to  the  rate  of  combustion  from  a  fraction  of  one  per 
cent  to  as  much  as  twenty  per  cent  of  the  coal  fired.  The  amount  dis- 
charged at  high  rates  of  combustion  is  proportionately  much  greater 
than  at  low  rates.  For  this  reason,  as  for  others  which  are  discussed 
elsewhere,  firemen  should  endeavor  to  maintain  as  low  and  uniform  a 
rate  of  combustion  as  will  meet  the  demands  made  upon  the  locomo- 
tive. 
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V.     Coal 

14.  Kind  of  Fuel  Used  by  Railroads. — The  fuel  used  by  railra 

is  normally  that  which  is  nearest  at  hand,  or  that  which  is  Q  sily 

and  most  cheaply  obtainable.    In  the  early  days  wood  w 
used  in  locomotives,  but  it  has  now  practically  disappeared  as  a  fueL 
In  a  few  districts  where  oil  is  available  it  is  used  as  locomotive  fuel,  but 
coal  constitutes  the  fuel  now  almost  universally  used  in  locomotn 
The  location  of  many  railroads  has  be  1  1  y  the  1" 

tion  of  coal  fields  because,  as  uoted  elsewhere,  not  only  do  the  rail- 
roads consume  in  their  operation  about  25  per  cent  of  the  coal  output 
of  the  country,  but  about  one-third  of  the  freight  hauled  by  railroads 
consists  of  coal.  It  is  important,  therefore,  for  railroads  to  1 
whenever  possible  to  coal  fields,  not  only  to  insure  their  own  supply 
of  fuel,  but  also  to  insure  a  certain  amount  of  freight  traffic.  Owing 
these  conditions  practically  every  variety  of  coal  available  in  the 
United  States  is  used  to  a  greater  or  less  extent  by  the  railroads. 

15.  Classification  of  Coal, — Some  coals  may  be  classified  upon  a 
strictly  chemical  basis,  but  in  general  it  is  necessary  to  consider  both 
the  chemical  composition  and  the  physical  characteristics.    The  Unit 

I  Survey  has  proposed  the  term  "rank"  for  the  dif- 

nt  kinds  of  coal  as  determined  by  thi  deal  and  physical  ehar- 

.  but  this  term  h;  leral  use.    Upon  the 

f  chemical  and  physical  properties  coals  may  be  classified  or 

ran  thracite,  '<,  semi-bitun         r,  biiumiru 

sub-bit m  nd  lig\ 

All  thi  composed  of  the  following  materials  in  varying 

proportions : 

id  or  fixed  carbon  which  burns  with  a  glow  and  with  Little 
or  no 

Or  volatile  matter  which  escape  from  the  COal  when  it 

is  heated  and  which  burn  with  a  flai 

Ga  as  or  volatile  matter  and  water  which  escape  from  the 
coal  when  it  is  heated  and  which  do  not  burn. 

Ash  or  mineral  matter  which  will  nut  burn  and  which  remat 
as  ashes  after  the  carbon  and  gases  are  burned. 
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The  relative  proportions  of  the  materials  in  different  coals  de- 
termine their  value  for  particular  purposes.  Fuels  having  a  large 
amount  of  fixed  carbon  and  a  relatively  small  amount  of  volatile 
matter  burn  with  a  short  flame  and  the  whole  process  of  combustion 
takes  place  at  or  near  the  surface  of  the  fuel  bed.  Such  fuels  can  be 
burned  without  developing  visible  smoke.  On  the  other  hand,  coals 
containing  a  relatively  large  amount  of  volatile  matter  and  a  lower 
amount  of  fixed  carbon  than  the  high  carbon  coals  burn  with  a  longer 
flame  because  the  volume  of  combustible  gases  distilled  from  them  is 
greater,  and  the  combustion  of  these  requires  an  appreciable  period  of 
time.  Because  of  the  difficulty  of  completely  burning  this  greater 
amount  of  gas  which  escapes  from  the  coal,  the  amount  of  visible 
smoke  is  usuallj'  greater,  unless  special  devices  are  used  for  furnish- 
ing an  adequate  supply  of  air  to  burn  this  gas  before  it  escapes. 

The  water  and  non-combustible  gases  which  are  present  in  all 
coals  and  which  are  detected  only  by  chemical  analysis  escape  up  the 
stack  unnoticed  and  without  being  of  any  benefit  in  the  process  of 
combustion.  In  fact,  these  constituents  represent  a  definite  loss  be- 
cause they  do  not  furnish  heat  by  combustion  and  because  they  absorb 
and  carry  off  heat  which  would  otherwise  be  available  for  useful  work. 
The  term  moisture  in  coal  does  not  refer  to  the  water  adhering  to  the 
surface  of  the  lumps,  but  to  that  contained  within  the  pores  of  the 
coal.  Moisture  in  coal  is  not  evident  to  the  eye  and  a  coal  containing  a 
high  percentage  of  moisture  by  analysis  may  appear  to  be  perfectly 
dry. 

The  ash  content  of  different  coals  varies  widely.  It  not  only  has 
no  heating  value,  and,  therefore,  represents  a  portion  of  the  coal  for 
which  no  return  is  received,  but  it  may  hinder  the  free  burning  of  the 
combustible  components  of  the  coal  and,  if  it  contains  certain  mineral 
substances,  may  by  clinkering,  greatly  interfere  with  the  process  of 
combustion  and  with  the  cleaning  of  grates. 

It  should  be  clearly  understood  that  ash  will  not  burn  and  that 
do  treatment  with  chemicals,  secret  processes,  or  other  devices  will 
cause  it  to  burn.  Ash  is  objectionable  not  only  because  it  may  inter- 
fere with  the  burning  of  the  coal,  but  because  it  means  an  increased 

for  handling. 

The  ash  in  coal  may  be  classified  under  two  divisions:  (a)  That 
which  is  a  definite  part  of  the  coal  itself  and  is  invisible  to  the  eye 
and  which  cannot,  therefore,  be  separated  by  hand,  and   (b)   That 
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which  is  due  to  rock,  shale  and  slate,  which  becomes  mixed  with  the 
coal  in  mining  and  which  can  be  removed  in  great  part  either  in  the 
mine  or  in  the  tipple. 

Anthracite 

Anthracite,  commonly  known  as  "hard  coal,"  contains  a  high 
percentage  of  fixed  carbon,  very  little  volatile,  does  not  coke,  and  is 
smokeless.  It  was  formerly  extensively  used  for  locomotive  purposes 
by  the  so-called  "anthracite"  road-,  or  roads  traversing  the  anthracite 
district  of  northeastern  Pennsylvania.  Owing,  however,  to  the  in- 
creasing value  of  and  demand  for  anthracite  for  domestic  purposes, 
it  is  now  used  on  locomotives  mainly  for  passenger  service  or  where 
smokeless  burning  is  required. 

Semi- Anthracite 

Semi-anthracite  is  a  hard  coal  and  has  a  high  percentage  of  fixed 
carbon  but  has  neither  of  these  properties  to  so  great  an  extent  as  has 
anthracite.  It  may  be  classed  ;is  an  intermediate  variety  between  true 
anthracite  and  true  bituminous.  The  amount  of  semi-anthracite  in 
the  United  States  is  small,  and  it  is  employed  for  railroad  use  only  to 
a  xcvy  limited  extent. 

Semi-Bituminous 

The  term  " semi-bituminous "  is  unfortunate,  Bince  it  implies  ■ 
lower  grade  of  coal  than  bituminous.    Actually  semi-bituminous  coals 
are  better  than  bituminous.    Semi-bituminous  coals  have  a  relatively 
high  percentage  of  fixed  carbon  which  makes  them  nearly  sue 
Consequently  most  of  these  coals  are  known  as  "smo  coals.*' 

oi-bituminous  coals,  in  general,  have  the  highest  heating  value  of 

any  of  the  coals  and  are  usually   low  in  ash  and  moisture.     They  are 

also  usually  very  friable,  breaking  easily  into  small  pieces  and  dust. 
They  are  particularly  adapted  for  purposes  where  smokeless  combus- 
tion is  essential,  as  with  the  navy.     Their  hi*_rh  value  precludes  their 

leral  use  as  locomotive  fuel  except  upon  the  roads  running  through 

the  districts  iu  which  the  COal  is  mined.* 

imi-bituminous  and  bituminous  coals  may  he  cither  coking  or 

non-coking.     A  true  coking  coal  when  fired  swells,  becomes  pasty,  and 


mi  bituminous  coals  ar-  rirts  in   '  tni.i.   Virginia,  eastern 

of    di.'  nu  bituminous   coal    is 

nUo  mined   in    Arkansas  si  n    oklnlioma   and   a   small   amount    is   found   further   w. 
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fuses  into  a  mass  of  more  or  less  porous  coke.  Such  coke  will  burn 
without  flame  and  will  hold  fire  a  considerable  period.  This  fusing  or 
coking  takes  place  without  respect  to  the  size  of  the  piece  of  coal.  A 
non -coking  coal  does  not  swell  and  become  pasty,  but  burns  away 
gradually  to  ash,  the  pieces  becoming  smaller  and  smaller  as  combus- 
tion proceeds.  There  is  a  gradual  gradation  from  true  coking  to  true 
non-coking  coals,  and  many  coals  cannot  be  distinctly  placed  in  either 
class.  Coal  which  will  not  coke  on  a  furnace  grate  may,  however, 
give  good  coke  in  by-product  coke  ovens,  particularly  when  mixed 
with  other  more  easih^  coking  coals.  This  is  the  case  with  many 
Illinois  coals. 

Bituminous 

The  term  "bituminous"  coal  as  generally  understood  applies  to 
a  group  of  coals  which  have  relatively  high  percentages  of  volatile 
matter.  Generally  the  volatile  matter  and  the  fixed  carbon  are  nearly 
equal,  but  this  fact  alone  is  not  distinguishing,  since  the  same  state- 
ment may  be  made  with  regard  to  sub-bituminous  coal  and  lignite. 
The  principal  characteristic  which  distinguishes  bituminous  coals 
from  the  lower  ranks  of  coals,  such  as  sub-bituminous  and  lignite,  is 
its  weathering  property.  Most  of  the  bituminous  coals  can  be  exposed 
to  the  air  for  considerable  periods,  without  material  physical  or  chem- 
ical deterioration.  Sub-bituminous  and  lignite  coals,  on  the  other 
hand,  break  up  easily  when  exposed  to  the  weather.  Bituminous  coals 
vary  widely  in  their  physical  properties  and  in  their  heat  producing 
qualities  and  many  attempts  have  been  made  to  subdivide  them,  but 
so  far  no  scheme  has  met  with  general  approval.  The  bituminous 
coals  include  some  of  the  best  coking  coals,  most  of  the  gas  coals,  and 
the  eannel  coals.  In  general  the  bituminous  coals  decrease  in  value 
from  the  East  toward  the  West,  the  highest  rank  of  bituminous  coal 
being  found  in  the  East  and  the  lowest  in  the  West.  There  are,  how- 
ever, some  striking  exceptions  to  this  general  rule. 

The  eastern  bituminous  coals  contain  from  5  to  10  per  cent  of 
ash,  from  25  to  35  per  cent  of  combustible  gases,  from  2  to  5  per  cent 
of  moisture  and  non-combustible  gases,  and  from  55  to  65  per  cent  of 
fixed  carbon.  These  coals  are  more  generally  of  the  coking  variety 
than  are  the  Middle  West  coals.  In  general,  they  are  higher  in  heat- 
ing  value  and  lower  in  ash,  but  break  up  more  easily  and  are  not  so 
wel\  suited  for  transportation  and  for- repeated  handling  as  are  many 
of  the  Middle  West  coals. 


THE    ECONOMICAL    USE    OF    COAL    IN    RAILWAY    LOCOMOTIVES 


53 


/60OO 


* 
/ 

^--" 

^+* 

/zooo 

r 

y 

• 

* 

* 

8000 

7*- 

\ 

1 

4000   N 

0 

1 

6 

i 

\ 

o 

/ 

z 

J 

4 

5 

< 

6 

7 

0 

9 

A    ° 

/ 
/ 

V 

1 

/ 
/ 

5     T 

.    0 

J 

u 

R  5 J 

2 

5i 

.J 

•g 
3 

n 

ir_ 

ft 

(J 
Ni 

-J 
r  5 

18— 

r 

...J 

*    5 

* 
<•_.. 

P 

• 

'    In 

■ 

s 

* 
* 

y 

* 

A 

H 

<* 

"i 

„ 

<• 

*5 

% 

^ "' 

3 

c 

^,- 

--' 

I 

,,-- 

--' 

i 

r  / 

X 

£    D 

C 

c^ 

e 

tf   tf 

// 

■ 

£ 

»0 

« 

1 

0 

v 

r 

* 

< 

1% 

- 

• 

• 

i, 

• 

0 
K 

u 

.? 

n 

■ 

■ 

s 

p 

* 

a 

1 
*> 

*•> 

■ 

I 

<0 
c 

V 

> 

c 

*> 

! 

1 

V 

I 

V 
< 

1  % 

c 

v. 

I 

5 

c 

v. 

c 

0 

J 

1  ^ 
1  * 

1      4 

\ 

-< 

•-• 
9 

f 

<• 
1 

: 

V 

<0 

j 

Y\\\.    l;;.      l)l.\<,i;.\.M    Show  i.  08ITIOM 

-T  Vai.i  BkVBAL  B 


Tho  BpptI  diagram  shows  tli.  samples  of  co 

diagram,    computed   on   the   ash  free    basis.       1  r    diagram   shows   the    variations    in 

matter,   ami    U  of    <  '»als   of   different   ranks,    from   U| 

to   anthrn                              I   on   samples   as    received  on   the   ash  free   basis. 
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Bituminous  coals  are  more  extensively  used  in  locomotives  than 
other  kinds.  This  fact  is  probably  due  to  the  wide  geographical  dis- 
tribution of  bituminous  coal  and  to  the  many  varieties  which  are 
available. 

Fig.  13  shows  graphically  the  proximate  chemical  composition  of 
the  various  coals  referred  to  and  their  heat  producing  values.  The 
analyses  have  been  recalculated  to  the  ' '  ash  free ' '  basis  so  as  to  make 
them  strictly  comparative.* 

The  lower  diagram  of  Fig.  13  shows  the  following  general  dif- 
ferences between  the  different  ranks  of  coal : 

(1)  The  proportion  of  fixed  carbon  increases  quite  regularly 
from  lignite  to  anthracite. 

(2)  The  amount  of  moisture  in  the  higher  ranks  of  coals  is 
small — it  is  about  the  same  for  semi-anthracite  and  high  rank 
semi-bituminous — and  increases  rather  rapidly  for  the  lower 
ranks,  lignite  showing  a  very  high  percentage. 

(3)  The  greatest  amount  of  volatile  matter  is  found  in  the 
medium  and  low  rank  bituminous  coals. 

The  upper  diagram  of  Fig.  13  shows  the  heat  values  of  the  same 
coals  on  a  similar  ' '  ash  free ' '  basis.  It  is  sometimes  wrongly  inferred 
that  the  heat  value  of  a  coal  depends  upon  its  content  of  fixed  carbon. 
This  is  not  true,  for  the  heat  value  of  pure  carbon  is  only  14,600  B. 
t.  u.,  whereas  coal  No.  6  has  a  heat  value  of  15,480  B.  t.  u.  The  heat 
value  of  a  coal  depends  largely  upon  the  content  of  carbon  and  hydro- 
gen. The  carbon  has  a  heat  value  of  14,600  B.  t.  u.  and  the  hydrogen 
a  value  of  62,000  B.  t.  u.  The  greater  heating  value  of  coals  contain- 
ing less  fixed  carbon  but  more  volatile  matter  than  anthracite,  for 
instance,  is  due  to  the  fact  that  they  contain  hydrogen,  which  when 
burned  produces  greater  heat  than  the  same  weight  of  carbon.  Com- 
prehensive tables  of  analyses  of  coal  from  all  parts  of  the  United 

ites  are  contained  in  Bulletin  29  of  the  State  Geological  Survey, 
Drbana,  Illinois,  entitled  "Purchase  and  Sale  of  Illinois  Coal  under 

•eifications,  "by  S.  W.  Parr,  and  in  Bulletin  3  of  the  Illinois  Coal 
Mining  Investigations,  Urbana,  111.,  entitled  "Chemical  Study  of 
Illinois  Coal,"  by  S.  W.  Parr  and  in  the  publications  of  the  U.  S. 
Bureau  of  Mines  and  U.  S.  Geological  Survey,  the  latest  of  these  being 
Professional  Paper  100A  previously  mentioned. 

♦These  values   are   given   in   U.    S.    Geological    Survey   Professional    Paper    100A,    "The 
:--  of  the  United  States,"  by  M.  R.  Campbell. 
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16.  Preparation  a  Factor  Affecting  the  Value  of  Coal. — Coal 
occurs  in  the  earth  in  beds  or  seams,  and  usually  in  a  solid  mass  Bfl  B 
rock.  In  mining  it  is  blasted  with  powder,  shoveled  into  cars,  and 
conveyed  to  the  surface.  In  the  process  of  mining  and  handling  it 
becomes  broken  up  into  pieces  of  all  sizes.  It  may  have  some  rock  or 
dirt  from  the  floor  and  roof  of  the  mine  mixed  with  it  or  there  may 
be  bands  of  layers  of  shaly  matter  in  the  coal  seam  itself.  Coal  as  it 
comes  from  the  mine  is,  therefore,  not  usually  in  condition  for  direct 
delivery  to  the  consumer,  but  should  first  be  "prepared"  in  order  to 
remove  these  impurities  and  to  separate  it  into  the  proper  sizes  for 
various  markets.  The  impurities  are  removed,  in  the  large  sizes  of 
coal  by  picking  them  out  by  hand,  and  in  the  smaller  sizes  by  treating 
the  coal  in  cleaning  machinery.  Separation  into  different  sizes  is  ac- 
complished by  sending  the  coal  over  screens  having  holes  of  the  proper 
size-. 

As  a  general  rule,  railroads  have  used  for  locomotives  run  of  mine 
coal  or  various  sizes  of  lump  and  egg.  Screenings  have  recently  been 
used  on  stoker  fired  engines  which  are  being  employed  more  and  more 
extensively. 

17.  The  Selection  of  Coal. — The  beginnings  of  fuel  conservation 
may  be  made  in  the  purchase  of  the  eoal.  While  the  purchasing  agent 
is  frequently  limited  in  his  choice  by  the  presence  of  mines  on  the 
railway  line,  by  the  necessity  of  taking  sizes  of  coal  for  which  then 
little  other  market,  and  by  the  fad  that  not  all  sizes  are  available  in 
sufficient  quantities  for  railway  use,  there  are  frequently  occasions 
when  these  limitations  are  largely  removed.  Under  these  circum- 
stances the  si/,«  (,f  r,,al  should  be  chosen  not  only  with  respect  to  its 
price  but  with  reaped  to  its  strain  producing  capacity. 

There  is  considerable  difference  between  the  steam  producing 
capacity  in  Locomotives  of  various  sixes  of  coal.    No  one  expects,  for 

imple,  to  gd   as  much  strain   from  a   ton  of  screenings  burned   in  a 
locomotive  as  from  a  ton  of  mine  imiii  coal.     Te8t8*  recently  made  on  a 

.Mikado  locomotive  in  the  locomotive  Laboratory  of  the  University  of 

fllinois  show  the  relative  value  in  locomotive  Bervice  of  six  different 
siz.'s  of  coal.  All  six  sizes  were  from  the  same  mine  in  Franklin 
County,   Illinois  and  while  the  results  of  the  tests  are  strictly  appli- 


I  omj.aratr.  of    Illinois    Coal    on    n    Iftl  I 

ill.  Ei  -■  .  .  Bui    no,   i 
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cable  only  to  this  coal,  they  probably  apply  in  some  measure  to  the 
great  bulk  of  soft  coal  used  on  locomotives. 

The  tests  were  run  at  two  rates  of  combustion ;  a  medium  rate  at 
which  about  4,000  pounds  of  coal  were  burned  per  hour,  and  a  high 
rate  at  which  about  7,500  pounds  were  burned  per  hour.  Compari- 
sons between  the  sizes  were  made  upon  the  basis  of  their  steam  produc- 
ing ability,  that  is,  upon  the  basis  of  the  evaporation  per  pound  of 
coal  which  took  place  with  each  size. 

At  the  medium  rate  the  coals  stand  in  the  following  order :  3~inch 
by  6-inch  egg;,  mine  run,  2-inch  lump,  2-inch  by  3-inch  nut,  2-inch 
screenings,  and  IVi-hich  screenings.  Assuming  mine  run  coal  to  pro- 
duce 100  per  cent  of  steam,  the  egg  coal  produced  2  per  cent  more 
and  the  lump  and  nut  coals  respectively  1  per  cent  and  2  per  cent  less. 
The  2-inch  screenings  produced  7  per  cent  less  steam,  and  the  ±14 -inch 
screenings  15  per  cent  less. 

The  relation  is  somewhat  different  for  the  higher  rate  of  combus- 
tion. Again  assuming  the  mine  run  in  the  high  rate  test  to  produce 
100  per  cent  of  steam,  the  nut  coal  produced  6  per  cent  more,  the  egg 
5  per  cent  more  and  the  lump  3  per  cent  less.  The  2-inch  and  l^-inch 
screenings  produced  respectively  13  per  cent  and  18  per  cent  less. 

These  facts  should  enable  the  railway  purchasing  agent  to  form 
some  idea  of  the  sizes  of  coal  with  the  greatest  steam  producing  ca- 
pacity although  the  fact  that  the  coal  used  in  these  tests  came  from  a 
single  mine  should  not  be  overlooked.  Obviously  the  choice  of  coal 
can  seldom  be  made  solely  on  the  basis  of  the  steam  producing  qual- 
ities of  the  fuel,  since  the  market  price  must  also  be  taken  into  con- 
sideration. While  no  general  statement  can  be  made  regarding  the 
relative  prices  warranted  for  the  different  sizes  of  fuel,  the  question  is 
somewhat  more  fully  discussed  in  the  bulletin  mentioned. 

In  the  present  emergency  all  purchasers  of  fuel  are  glad  to  get 
coal  of  any  kind  and  they  are  allowed  little  opportunity  to  choose. 
The  problem  is  to  get  coal  enough  of  any  sort  for  the  purposes  in  hand, 
but  these  temporary  conditions  ought  not  to  prevent  the  recognition 
of  the  fact  that  a  considerable  saving  in  coal  and  money  may  be  ef- 
fected by  a  proper  choice  of  fuel. 

18.  Purchase  of  Coal. — The  custom  of  purchasing  coal  on  the 
I>.  1.  u.  basis  is  increasing  and  if  the  specifications  for  such  purchase 
are  properly  drawn  and  understood  it  is  the  logical  way  to  buy  coal. 
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It  is  equivalent  to  buying  so  many  heat  units  instead  of 
of  coal  and  is  an  effort  to  get  the  t  amount  of  ar. 

Upon  this  basis  a  purchaser  should  be  able  to  determine  whether  a  low- 
priced  coal  which  gives  less  efficient  boiler  service  and  requires 
labor  and  expense  in  handling  ashes  is  really  cheaper  than  a  111 
priced  coal. 

With  reference  to  the  selection  of  most  locomotive  coals,  ti 
u.  value  and  the  percentage  of  ash  furnish  a  general  guide  to  their 
relative  merits.     The  ash  content  and  character  directly  af:  \\. 

t.  u.  value,  so  that  the  relative  value  may  be  expi  with  fail 

curacy  by  the  B.  t.  u.  value  alone,  although  the  value  of  any  < 
drops  off  more  rapidly  than  its  B.  t.  u.  value  when  the  ash  con1 
exceeds  10  or  15  per  cent. 

It  should  be  understood  that  the  purchase  of  coal  on  the  B.  t.  u. 
basis  does  not  insure  maximum  efficiency  from  the  fuel,  because  a  high 
grade  coal  carelessly  tired  or  having  a  bad  clinkering  ash  may  give 
poorer  results  than  a  low  grade  coal  carefully  fired.  In  other  words, 
the  high  B.  t.  u.  value  of  a  coal  establishes  a  presumption  in  favor  of 
that  coal  which  must  be  tested  by  actual  trial  under  good  operating 
conditions.  The  person  who  furnishes  coal  of  a  high  B.  t.  u.  value 
not  be  held  responsible  for  poor  results  obtained  through  improper 
use.    The  great  disadvantage  with  regard  to  the  purchase  of  coal  on 

the  B.  t.  u.  basis  lies  in  the  difficulty  of  obtain;  )T  ana'. 

which  are  truly  representative  of  the  coal  received  by  the  consumer. 

I  much  emphasis  can   hardly  be  placed   upon  the 

are  in   the  taking  of  samples   in  order  that   they  may 
truly  represent  the  coal   for  which  they  stand. 

19.    Storage  of  Cool  -  Coal  if  ilroads  to  guard  against 

a  shortage  which  may  result  from  failure  t<>  receive  coal  from 
mines  on  accounl  plosions,  interruptions  in  traffic,  or 

other  causes,  and  to  use  coal  loading  equipment  in  company  - 

when  it  is  n«>t   in  demand  for  commercial  service.     There  is  an  advan- 

in  hauling  large  quantity  al  in  the  summer  months 

when  •  than  at  any  otic  n. 

Railroad  storage  |i;ls  |„.,.M  v,.rv  fully  discussed  in  the  Pi  igg 

the   International    Railway    Fuel    Association   and    very    full    details 

will  be  found  in  Circular  <!  of  the  Engineering  Experiment  Station 
of  the  University  of  Illinois.    Tim  Fuel  station  Committee  of 
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national  Kailway  Fuel  Association .  suggests  that  all  new  mechanical 
coaling  plants  be  so  designed  as  to  provide  a  storage  adjunct,  so  that 
coal  may  be  unloaded  into  a  receiving  hopper  from  which  it  may  be 
distributed  either  to  the  coaling  station  direct  or  to  a  storage  pile. 
The  plant  should  be  designed  so  as  to  permit  the  recovery  of  the  coal 
from  the  storage  pile  without  the  use  of  railroad  cars. 

The  usual  method  of  storing  railroad  coal,  as  illustrated  in  Fig. 
14,  is  to  start  a  pile  on  the  ground  and  gradually  to  raise  the  track 
on  top  of  the  coal  pile  until  a  height  of  10  to  20  feet  is  reached,  the 
end  of  the  track  being  supported  on  a  crib  as  shown  in  Fig.  15.  The 
coal  is  then  reclaimed  with  a  locomotive  crane  or  steam  shovel,  or  by 
hand  shoveling  into  cars. 

Although  this  is  a  simple  and  cheap  way  to  store  coal,  the  condi- 
tions of  storage  are  favorable  to  spontaneous  combustion.  Especially 
is  this  true  since  run  of  mine  coal  is  generally  stored  and  the  weight 
of  the  locomotive  and  loaded  cars  on  top  of  the  coal  break  it  up  and 
produce  fine  material  in  the  center  of  the  pile  while  the  lumps  roll  to 
the  bottom  of  the  outside  slope  and  afford  passages  through  which  the 
air  may  reach  the  fine  material.  If  stored  in  piles  as  shown  in  Fig. 
14  the  pile  should  not  be  continuous,  but  passageways  should  be  left 
through  the  pile  at  regular  intervals  in  order  to  facilitate  the  removal 
of  the  coal  in  the  case  of  heating. 

Fig.  16  shows  a  circular  storage  pile  used  in  connection  with  a 
coaling  station,  and  Fig.  17  a  large  coaling  station.  Many  of  the 
railroads  issue  instructions  with  regard  to  the  method  of  storing  coal, 
but  these  instructions  are  too  frequently  not  carried  out. 

The  following  general  conclusions  regarding  storage  are  based 
upon  answers  to  a  questionnaire  sent  to  several  hundred  firms  and 
individuals  storing  coal  under  different  conditions.  It  is  believed  that 
the  statements  made  represent  very  closely  the  present  consensus  of 
opinion  on  the  subject. 

Kinds  and  Sizes  of  Coal  which  may  be  Safely  Stored 

Although  it  is  undoubtedly  true  that  some  coals  may  be  stored 
with  greater  safety  than  others,  the  danger  from  spontaneous  com- 
bustion is  due  more  to  improper  preparation  and  piling  of  coal  than 
to  the  kind  of  coal  stored. 

Most  varieties  of  bituminous  coal  may  be  safely  stored  if  of  proper 
size  and  if  free  from  fine  coal  and  dust.    The  coal  must  be  handled  in 


Fig.  14.    A  Long  Pile  of  Stored  Coal 
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Fig.  16.    A  Circular  Pile  of  Stored  Coal 


Fig.  17.     A  Coal  Storage  Station  and  Chute 
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such  manner  as  to  prevent  excessive  breakage  and  the  consequent  pro- 
duction of  much  fine  coal  and  dust  when  being  placed  in  storage,  be- 
cause spontaneous  combustion  is  due  mainly  to  the  oxidation  of  I 
coal  surface.    The  danger  of  spontaneous  combustion  in  storing  coal  is 
very  greatly  reduced,  if  not  entirely  eliminated,  by  storing  only  lump 
coal  from  which  the  dust  and  fine  coal  have  been  removed.    Of  two 
coals,  the  one  which  is  less  friable  should  be  chosen  for  storage  pur- 
poses because  less  dust  and  fine  coal  will  be  produced  in  its  handling 
All  varieties  of  bituminous  coal  can  be  stored  under  water,  since  wal 
excludes  the  air  and  prevents  spontaneous  combustion. 

Fine  coal  or  slack  lias  sometimes  been  safely  stored  in  cases  in 
which  air  has  been  excluded  from  the  interior  of  the  pile.  Exclusion 
of  air  from  the  interior  may  be  accomplished  (1)  by  a  clos  led 

wall  built  around  the  pile  or   (2)   by  close  packing  of  the  line  coal. 
Any  pile  of  slack  requires  careful  watching  to  <!•■•  i  of 

heating  and  means  should  be  provided  tor  moving  the  coal  promptly 
if  heat  develops.     The  only  al  ly  safe  way  to  store  slack  or  : 

coal  is  under  water. 

.Many  varieties  of  mine  run  coal  cannot  be  1  Bafely  beca 

of  the  presence  of  fine  coal  and  dust  mixed  with  the  Lumps. 

Coal  exposed   to  the  aii-  for  some  time  may  become  NXned" 

and  thus  may  be  less  liable  to  spontaneous  combustion  l  the 

oxidation  of  the  surfaces  of  the  lumps  of  coal,  but  opinions  are  by  do 
means  unanimous  on  this  point. 

It  is  believed  by  many  that  damp  coal  or  coal  stored  00  a  damp 

base  is  peculiarly  liable  t<>  spontaneous  combustion,  but  the  evidei 

on  this  point  is  by  no  means  conclusive.    It  is  safer  not  to  dampen  the 
coal  when  or  after  it  is  placed  in  storagi 

The  Effect  of   Sulphur  on  Spontaneous  Combustion 

It  hat  i d  shown  by  experimentation  that  the  sulphur  contained 

in  coal   in  the  form  of  pyrites  i>  not    the  chief  SOWCe  <•!'  BDOntane 

abustion,  as  was  formerly  supposed,  but  the  oxidation  of  the  sul- 
phur in  the  coal  may  assM  in  breaking  up  the  lumps  of  COSJ  and  thus 
may   increase  the  amount   of   ;  ,il   which   i^   particularly   liable  t«» 

rapid  oxidation.    Even  this  opinion  is  n«,t  unanimously  endorsed.    1' 
*p<  rimental  data  showing  that  sulphur  is  do1  tie-  deterauning 

at  m  spontaneous  combustion,  the  opinion  is  wide-spread  that. 
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if  possible,  it  is  well  for  storage  purposes  to  choose  a  coal  with  a  low 
sulphur  content. 

Method  of  Piling  Coal 

To  prevent  spontaneous  combustion,  coal  should  be  so  piled  that 
air  may  circulate  freely  through  it  and  thus  may  carry  off  the  heat 
due  to  oxidation  of  the  carbon,  or  it  should  be  so  closely  packed  that 
air  cannot  enter  the  pile  and  oxidize  the  fine  coal. 

Stratification  or  segregation  of  fine  and  lump  coal  should  be 
avoided,  since  an  open  stratum  of  coarse  lumps  of  coal  provides  a  pass- 
age through  which  air  may  enter  and  come  in  contact  with  the  fine 
coal,  thus  oxidizing  it  and  starting  combustion. 

If  space  permits,  low  piles  are  preferable  since  in  low  piles  the 
coal  is  more  fully  exposed  to  the  air  and  is  better  cooled  than  in  high 
piles  and  in  case  of  heating  it  can  be  more  readily  and  quickly  moved. 
A  disadvantage  of  high  piles  lies  in  the  greater  difficulty  of  moving 
the  coal  quickly,  if  necessary.  The  idea  that  a  high  pile  causes  heating 
at  the  bottom  is  erroneous,  since  as  many  fires  take  place  near  the  top 
as  near  the  bottom,  and  as  many  near  the  outside  as  near  the  interior 
of  the  pile.  If  possible,  the  coal  should  be  divided  by  alleyways  so  as 
to  facilitate  rapid  loading  out  the  coal  in  case  of  necessity,  and  so  that 
an  entire  coal  pile  may  not  be  endangered  by  a  local  fire. 

Much  of  the  attempted  ventilation  of  coal  piles  has  been  inade- 
quately done  through  the  use  of  only  an  occasional  ventilation  pipe, 
which  has  been  not  much  more  than  a  place  in  which  to  insert  a  ther- 
mometer. The  practice  of  placing  ventilating  pipes  closely  together 
has  been  used  in  Canada  and  is  reported  to  be  effective. 

Water  is  an  effective  agent  in  quenching  fire  in  a  coal  pile  only  if 
it  can  be  applied  in  sufficient  quantities  to  extinguish  the  fire  and  to 
cool  the  mass.  A  small  quantity  of  water  is  not  effective.  Unless 
there  is  an  ample  supply  of  water  thoroughly  to  quench  the  fire  and  to 
cool  the  pile,  it  is  very  dangerous  to  add  any  water  to  a  coal  pile. 

Coals  of  different  varieties  should  if  possible  not  be  mixed  in  stor- 
age, for  the  coal  possessing  the  greatest  tendency  toward  spontaneous 
combustion  may  jeopardize  the  safety  of  other  varieties  not  so  liable 
to  spontaneous  combustion. 

The   Effects   of   Storage   upon   the  Properties   of  Coal 

The  heating  value  of  coal  as  expressed  in  B.  t.  u.  is  decreased  very 
little  by  storage,  but  the  opinion  is  wide-spread  that  storage  coal  burns 
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less  freely  than  fresh  coal.  Storage  does,  however,  have  the  physical 
effect  of  producing  an  amount  of  fine  coal  and  dust  which,  when  fired 
in  locomotives,  tends  to  increase  the  percentage  of  onburned  coal  and 
cinders  discharged  through  the  stack.  Dirt,  cinders  or  other  foreign 
matter  are  sometimes  picked  up  when  stored  coal  is  reclaimed  and  the 
burning  qualities  of  the  fuel  thereby  seriously  impaired. 

The  coking  properties  of  most  coals  seem  to  decrease  as  a  result 
of  storage,  but  coals  vary  greatly  in  this  respect. 

The  deterioration  of  coal  stored  under  water  is  negligible,  and 
such  coal  absorbs  very  little  extra  moisture.  If  only  part  of  a  coal  pile 
is  submerged,  the  part  exposed  to  the  air  is  still  liable  to  spontaneous 
combustion. 

Additional  Precautions 

The  best  preventive  of  loss  in  coal  storage  is  regularly  to  inspect 
the  pile.  If  the  temperature  reaches  150  degrees  F.,  the  pile  should 
be  carefully  watched  and  if  the  temperature  rises  to  175  or  180  degrees 
F.  the  coal  should  be  removed  as  promptly  as  possible.  The  coal  should 
be  thoroughly  cooled  before  being  replaced  in  storage. 

Storage  appliances  and  arrangements  should  be  so  designed 
to  make  it  possible  to  remove  the  coal  quickly  if  necessary,  and  coal 
should  not  be  stored  in  large  piles  unless  provision  is  made  for  loading 
it  out  quickly. 

Pieces  of  wood,  greasy  waste,  or  other  easily  combustible  material 
ted  id  a  coal  pile  may  form  a  starting  point  for  ■  fire,  and  every 
effort  should  be  made  to  keep  such  material  from  the  coal  as  it  is  being 
placed  in  stora^ 

It  is  important  that  coal  in  storage  should  not  be  subjected  to  such 

external  sounds  of  heal  as  steam  pipes,  because  the  susceptibility  of 
coal  to  spontaneous  combustion  inert         rapidly  as  the  temperature 

rises. 

Expense  of  Storing  Coal 

The  following  statements  or  estimates  of  the  expense  of  storing 

coal  are  given  by  the  railroads  noted  : 
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Table  3  * 
Expense  of  Storing  Coal 


Cost  in  Dollars  per  Ton 

Storing 

Reclaiming 

Total 

Clinchfield  Fuel  Co.,  Dante,  Va.,  Crane  &  Trestle 

.0671 

.0655 

.1326 

Estimate  of  C.  G.  Hall,  former  Secretary  Int.  Ry.  Fuel 

.2628 

Missouri,  Kansas  &  Texas  Railroad,  including  Gost  of  track 

.035 

.035 

.07 

.12 

.08 

.062 

.142 

.04-. 05 

.0258 

.0209 

.0467 

*  These  estimates  vary  widely  according  to  the  conditions  under  which  the  storing  was 
done  and  for  this  reason  are  not  directly  comparable.  The  conditions  of  storage  in  each 
of  the  cases  covered  in  this  table  are  set  forth  in  detail  in  Circular  6.  entitled  "The  Storage 
of  Bituminous  Coal,"  by  H.  H.  Stoek,  Univ.  of  111.  Eng.  Exp.  Sta.,  March,  1918. 
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VI.     Summary 

-0.  ^YalJS  in  which  Locomotive  Coal  may  be  Saved. — Large  coal 
savings  may  be  made  by  slightly  modifying  the  methods  of  handling 
transportation,  by  the  use  of  carefully  designed  equipment  and  aux- 
iliary apparatus,  by  better  maintenance  of  equipment,  by  better  han- 
dling of  locomotives  when  not  hauling  trains,  and  by  more  careful  at- 
tention to  the  firing  and  operation  of  the  locomotive  when  hauli 
trains.  The  importance  of  cooperation  in  the  matter  of  fuel  economy 
should  not  be  overlooked. 

In  Handling  Transportation 

Transportation  should  be  so  handled,  train  schedules  should  be 
so  arranged,  and  the  calling  of  locomotives  should  be  so  carefully 
watched  that  waste  of  coal  through  unnecessary  terminal  delays  and 
delays  on  ridings  may  be  eliminated.  Thirty  million  tons  of  coal  per 
year  are  burned  on  locomotives  when  they  are  not  hauling  trains. 
Transportation  officials  have  an  opportunity  to  save  some  of  this  coal. 

In  Locomotive  Design 

The  responsibility  for  installing  equipment  of  the  best  design 
and  for  the  use  of  at  Least  some  of  the  most  approved  fuel  Baving 
devices,  such  as  the  superheater  and  brick  arch,  rests  upon  railway 
cutive  officials.  ict  thai  changes  along  such  lines  take  time 

and  require  capital  expenditure  may  possibly  remove  them  from  the 
class  of  emergency  measures,  but  this  facl  does  doI  Lessen  the  possi- 
bility of  effecting  Large  coal  savings  through  these  means.  A  more  ex- 
tended use  of  fuel  saving  d<  of  proved  merit  should  be  math'. 

In  Maintenance 

Proper  maintenance  [uipment,  particularly  of  locomotives,  is 

the  principal  means  through  which  Large  fuel  savings  may  be 

d  ade.  Tic  importance  of  this  matter  is  often  overlooked  or  is  not 
fully  appi  d.     While  a  Large  number  of  j" 

with  maintenance  matters,  the  responsibility  rests  principally  u] 
officials  of  the  mechanical  department  and  upon  the  shop  and  round- 
house forci 
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In  Handling  and  Care  of  Locomotives 

In  addition  to  matters  of  maintenance,  roundhouse  men  are  in 
position  to  effect  substantial  savings  in  the  direct  use  of  coal  when 
cleaning,  building,  and  maintaining  locomotive  fires,  and  they  can  ef- 
fect savings  of  still  greater  importance  through  proper  boiler  washing 
and  cleaning  of  flues.  The  care  which  a  locomotive  receives  and  the 
work  which  is  done  upon  it  between  trips  is  of  the  greatest  importance 
in  relation  to  fuel  economy.  Adequate  roundhouse  and  other  terminal 
facilities  should  be  provided  as  rapidly  as  possible. 

In  Locomotive  Operation 

Engine  crews  are  in  direct  charge,  hauling  trains,  while  80  per 
cent  of  the  locomotive  fuel  is  being  burned.  While  the  extent  of  the 
saving  to  be  effected  in  the  burning  of  this  fuel  often  depends  in  part 
upon  the  design,  upon  the  maintenance  and  care  of  the  equipment,  and 
upon  activities  of  transportation  officials,  there  still  remain  with  the 
engineers  and  firemen  opportunities  for  fuel  saving  of  the  greatest 
importance. 

Cooperation 

The  highest  degree  of  economy  in  the  use  of  locomotive  fuel  can- 
not be  attained  without  cooperation.  Executive  officials  must  furnish 
funds  for  the  equipment  and  labor  necessary  to  promote  fuel  saving 
work.  There  must  be  close  cooperation  between  the  transportation 
and  mechanical  departments  in  order  that  terminal  and  other  delays 
may  be  reduced  and  that  power  and  fuel  may  be  handled  and  used  to 
the  best  advantage.  Shop  men  and  officials  must  appreciate  the  im- 
portance of  proper  maintenance  of  locomotives,  cars,  and  auxiliary 
equipment.  Roundhouse  forces  and  engine  crews  must  work  together 
if  locomotives  are  to  be  economical  in  the  use  of  coal  both  while  on  the 
road  and  while  being  cared  for  between  trips.  Engineers  must  render 
carefully  prepared  and  specific  work  reports,  and  the  roundhouse 
forces  must  act  in  a  thorough  going  way  upon  the  matters  reported 
and  return  locomotives  to  the  roadmen  in  the  best  possible  condition. 

21.  Estimated  Possible  Saving  to  be  Effected  in  the  Use  of  Loco- 
rhotivt  Coal. — The  railways  used  in  locomotives  during  the  year  1917 
about  140,000,000  tons  of  coal.     The  corresponding  amount  for  1918 
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will  be  about  150,000,000  tons.  A  saving  of  six  per  cent  of  this  fuel 
is  readily  possible  through  the  cooperative  action  of  railroad  offi- 
cials and  employes.  Such  a  saving  would  amount  to  9,000,000  to 
A  much  larger  saving  is  ultimately  possible  through  a  general  im- 
provement in  equipment  and  the  adoption  of  approved  fuel  saying 
devices. 

Six  per  cent  of  the  locomotive  coal  is  sufficient  to  operate  2500 
additional  modern  locomotives;  it  is  equivalent  to  the  fuel  supply  of 
some  of  our  largest  railway  systems  ;  it  would  coal  sufficient  transports 
to  take  an  army  of  many  millions  of  men  to  France. 

Every  person  connected  with  the  railroad  service  should  ask  him- 
self: 

(1)  How  much  coal  can  be  saved  by  the  group  of  which  I 
am  a  part? 

(2)  What  are  the  ways  in  which  I  can  assist  in  saving  coal  ? 

(3)  Am  I  doing  my  part  as  an  individual  to  save  coal? 

(4)  Am  I  cooperating  with  others  so  as  to  assist  in  secur- 
ing the  greatest  combined  saving? 

Executive  Officials  and  Transportation  Forces 

Executive  officials,  transportation  officials  and  employes,  particu- 
larly superintendents,  tram  masters,  dispatchers,  fuel  agents,  and 
ins]  coal  savings  in  many  ways.    They  should  be  able 

materially  to  reduce  stand-by  Losses  and  to  effect  economies  in  eon: 
tion  with  the  loading  of  locomotives  and  in  the  selection,  distribution, 
1  hand]  >tive  coal. 

Operal  should  thoroughly  acquaint  themselves  with 

the  fuel  problem  and  should  take  such  action  as  will   impress  all  offi- 
cials and  employes  under  them  with  the  importance  and   possibilities 

Too  much  emphasis  can  hardly  be  placed  upon  the 
necessity  of  operating  officials  taking  an  active  in  in  the  matter 

of  fuel  economy  and  apOU  their  giving  persona]  and  tinancial  support 
to  fuel  saving  measu' 

K;  should,  for  fuel  economy,  neither  be  operated  with  very 

light   loads  nor  with  loads  s,>  heavy  that   they  eau-e   pOOT  combustion 
conditions,  »»:•  .on  undue  delays  through  stalling  or  other  acci- 

da 

If  possible  reduce  speed  in  passenger  work  or  eliminate  some 
1    ;d  saving!  can  be  made  in  this  way. 
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Arrange  freight  train  schedules  and  the  methods  of  calling  engines 
so  as  to  prevent  locomotives  standing  and  wasting  coal  through  delays 
at  terminals,  on  sidings,  at  meeting  points,  and  at  ashpits. 

Assist  in  furnishing  the  most  suitable  kind  of  coal  for  the  various 
types  of  locomotives  or  classes  of  service. 

Prevent  loss  of  coal  in  transit,  at  coal  chutes,  and  at  storage  piles. 

See  that  coal  is  so  handled  that  it  is  not  unnecessarily  broken  up, 
thereby  impairing  its  value  as  fuel. 

Executive  and  Motive  Power  Officials 

Executives  including  motive  power  officials  can  effect  important 
fuel  savings  through  matters  of  design,  improved  equipment,  and 
better  shop  and  roundhouse  facilities.  They  should  consider  the  pur- 
chase of  and  should  apply,  so  far  as  may  be  possible,  improved  motive 
power  and  equipment.  They  should  install  as  rapidly  as  possible  such 
fuel  saving  devices  as  the  superheater  and  the  brick  arch;  and  they 
should  improve  locomotive  terminal  facilities  and  improve  or  extend 
existing  shop  and  roundhouse  equipment  to  the  extent  necessary  to 
promote  better  maintenance  and  care  of  locomotives. 

Motive  Power  Officials  and  Shop  and  Roundhouse  Forces 

Mechanical  department  employes  and  officials  concerned  with  the 
maintenance  of  equipment  have  opportunity  to  stop  some  of  the 
largest  coal  losses  which  take  place  in  locomotive  operation.  Every 
feature  of  shop  and  roundhouse  management,  equipment,  or  operation 
which  will  make  it  possible  to  maintain  locomotives  in  the  best  possible 
condition  means  a  saving  of  fuel.  A  locomotive  in  very  poor  condi- 
tion may  use  from  20  to  40  per  cent  more  fuel  than  when  in 
thoroughly  good  condition.  Those  responsible  for  the  proper  main- 
tenance of  locomotives  are  responsible  for  a  large  part  of  the  coal 
saving  that  it  is  possible  to  make  at  the  present  time.  Engineers  and 
firemen,  no  matter  how  skilful  or  careful,  cannot  use  coal  economically 
on  poorly  maintained  equipment.  It  is  also  more  difficult  for  en- 
gineers and  firemen  to  know  whether  or  not  they  are  handling  their 
locomotive  to  the  best  advantage  when  it  is  not  in  proper  condition, 
and  the  incentive  to  meet  all  the  requirements  of  economical  operation 
is  lacking  when  poorly  maintained  equipment  is  being  handled. 

Locomotives  should  be  maintained  to  prevent  serious  steam,  air 
and  water  loaks. 
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Steam  pipes  and  superheaters  should  be  tested  and  kept  free  from 
leaks. 

Leaks  past  the  cylinder  and  valve  packing  and  past  rod  packi: 
should  be  prevented. 

Leaks  from  the  boiler  through  leaky  mudring,  flues,  or  at  other 
points  should  be  prevented. 

Air  leaks  to  the  front  end  should  be  stopped. 

Air  pumps  and  all  auxiliary  steam  using  apparatus  should  be  k 
in  the  best  possible  condition.  Locomotive  friction  should  be  kept 
low  as  possible  by  having  the  mechanism  well  maintained. 

Radiation  losses  should  be  kept  as  low  as  possible  through  prop- 
erly maintained  lagging. 

Exhaust  nozzle  opening  should  be  as  large  as  is  consistent  with 
the  proper  steaming  of  the  locomotive. 

The  locomotive  should  be  equipped  with  injectors  of  the  proper 
size. 

All  auxiliary  apparatus  such  as  power  reverse  mechanism  and 
automatic  firedoors  should  be  in  condition  to  be  used  to  the  best  advan- 
tage. 

Firemen  cannot  meet  the  requirements  for  maintaining  proper 
firebox  conditions  unless  firedoors,  arches,  grates,  ashpans,  and  damp- 
ers are  in  good  condition,  and  unless  the  Hues  are  kept  clean.  Shop 
and  roundhouse  men  hum  meet  the  requirements  of  proper  main- 
tenance. 

Roundhouse  Forces  and  Hostlers 

Roundhouse  men  and  officers  concerned  with  the  handling  and 
care  of  the  locomotive  between  trips  are  immediately  concerned  with 
keeping  tin-  locomotive  in  the  best  possible  condition.    It  lias  already 

l o  pointed  oul  that  one  of  tin-  best  means  of  effecting  a  Baving 

coal  is  by  keeping  locomotives  in  somewhat  better  general  condition. 
This  is  to  I..-  done  largely  through  proper  cleaning  of  flues,  washing 
of  boilers,  and  attention  to  light  repairs.    Savings  are  to  lie  made  in 
connection  with  the  coal  which  is  nsed  on  the  locomotive  while  r 
being  turned,  particularly  in  connection  with  coal  or  live  fire  lost 

the  ashpit. 

Flues  should  be  cleaned  after  every  trip,  and  special  attention 
aid  !'•'  given  to  superheater  flues.     Boilers  should  be  washed  fre- 
quently. 
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When  locomotives  are  cleaned  the  firebox  should  be  thoroughly 
inspected  in  order  that  all  necessary  cleaning  and  repairs  relating  to 
grates,  arches,  and  flues  may  be  attended  to. 

In  cleaning,  building,  banking  and  keeping  up  fires,  every  effort 
should  be  made  to  save  fuel. 

Engineers  and  Firemen 

Engineers  and  firemen  who  are  in  charge  while  the  greater  part 
of  the  coal  is  used  must  accept  a  considerable  part  of  the  responsi- 
bility for  effecting  savings.  Engineers  through  their  methods  of 
handling  the  locomotive  can  increase  or  decrease  the  amount  of  coal 
burned  to  a  very  marked  degree.  Firemen  by  maintaining  the  best 
possible  combustion  conditions  can  reduce  some  of  the  most  important 
losses  which  occur,  such  as  those  to  the  ashpit  and  to  the  stack. 

Firemen  should  keep  constantly  in  mind  the  three  conditions 
which  are  necessary  for  complete  combustion;  first,  that  enough  and 
not  too  much  air  be  admitted  to  the  firebox ;  secondly,  that  the  air  be 
thoroughly  mixed  with  the  coal  burning  on  the  grate  and  with  the 
combustible  gases  arising  from  the  fuel  bed ;  thirdly,  that  a  sufficiently 
high  and  uniform  firebox  temperature  be  maintained. 

Determine  how  these  conditions  can  be  produced  and  endeavor 
to  obtain  them.    Maintain  a  level,  bright  fire. 

All  lumps  of  coal  should  be  broken  into  pieces  not  larger  than 
three  or  four  inches  in  diameter.  Ordinarily,  coal  should  be  broken 
to  the  proper  size  before  being  placed  on  the  tender.  In  so  far  as  is 
possible,  the  fireman  should  do  his  part  to  avoid  losses  which  are 
caused  by  firing  large  lumps  of  coal. 

Do  not  let  banks  or  holes  form  in  the  fire. 

Prevent  clinker  formation  so  far  as  possible. 

Fire  the  coal  in  small  amounts ;  from  one  to  four  shovelsful  at  a 
time. 

Spread  the  coal  over  the  brightest  and  thinnest  parts  of  the  fire. 

Close  the  door  after  each  shovelful  of  coal  is  fired. 

Shake  the  grates  only  when  necessary,  and  then  only  lightly. 
Avoid  disturbing  the  fuel  bed  to  such  an  extent  that  holes  and  addi- 
tional clinker  form  and  that  live  fuel  is  lost  to  the  ashpan.  Preferably, 
the  grates  should  not  be  shaken  when  running,  particularly  when  the 
locomotive  is  working  very  hard.  Air  for  combustion  comes  through 
the  grates  and  firebed.    When  coming  into  the  firebox  in  this  way  it 
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is  more  nearly  uniformly  distributed  than  if  it  conies  through  the  door 
and  so  will  be  better  mixed  with  the  burning  fuel  and 

Do  not  rake  the  fire  unless  it  seems  absolutely  accessary  in  order 
to  fill  a  hole  or  break  up  a  bank. 

Anticipate  heavy  demands  which  may  be  made  upon  the  locomo- 
tive and  have  the  fire  built  up  as  much  as  may  be  possible  to  meet 
them. 

Anticipate  periods  when  very  light  demands  may  be  made  upon 
the  locomotive  and  avoid  "popping  off"  or  opening  the  firedoor. 

Do  not  have  more  fire  than  is  necessary  when  the  terminal  is 
reached. 

Do  not  let  coal  fall  or  blow  away  from  the  engine  deck.  Keep 
the  engine  deck  clean.  Use  the  sprinkler  hose  enough  to  keep  down 
dust  and  prevent  fine  coal  from  blowing  away. 

Locomotive  engineers  should  handle  the  throttle  and  the  reverse 
lever  so  as  to  be  economical  of  steam  and  should  assist  the  fireman  by 
using  as  little  steam  as  possible  and  by  operating  the  locomotive  in 
such  manner  as  to  disturb  as  little  as  possible  uniform  conditions  in 
the  firebox. 

In  general  a  full  throttle  opening  should  be  used,  exceptions 
being  when  starting  or  drifting,  or  when  working  with  short  eat-off. 

Injectors  should  feed  the  boiler  at  a  fairly  uniform  rate,  and 
should  be  so  handled  as  to  assist  the  fireman  in  maintaining  uniform 
and  satisfactory  firebox  conditions.  The  boiler  should  not  be  filled 
to  a  point  likely  to  cause  priming. 

Waste  of  steam  through  safety  valves  should  be  avoided.  All 
auxiliary  apparatus  should  be  handled  so  as  to  be  as  economical  of 
steam  and  air  BS  is  possible. 

Unnecessary  stops  and  delays  should  be  avoided  so  far  as  possible. 
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PREFACE 

AS  a  part  of  the  experimental  work  conducted  in  the  Hydraulic 
^■^  Laboratory  of  the  University  of  Illinois  a  number  of  problems 
has  been  investigated  which  has  not  been  large  enough  in  scope  to  war- 
rant publication  as  separate  bulletins.  It  seems  well,  however,  to  put 
on  record  the  results  of  such  experiments,  and  this  bulletin  presents 
a  record  of  four  of  these  problems.  It  is  believed  that  the  four  papers 
will  be  found  to  be  of  use  in  various  aspects  of  engineering  practice 
even  though  the  experiments  are  not  exhaustive  investigations. 

The  investigations  for  the  most  part  have  been  the  outgrowth  of 
experimental  work  begun  by  students,  largely  as  thesis  work,  and  car- 
ried on  over  a  period  of  several  years. 

The  variety  of  conditions  under  which  the  flow  of  water  takes 
place,  the  possibility  of  large  changes  in  the  state  of  the  flow  due  appar- 
ently to  small  changes  in  the  form  of  the  passages  through  which  the 
water  flows,  and  the  necessity  of  persistent  effort  in  subjecting  assump- 
tions and  analytical  deductions  to  experimental  verification,  make  it 
desirable  to  report  all  hydraulic  experimental  results  which  are  believed 
to  be  reliable. 

A  part  of  the  experimental  results  herein  reported  has  appeared 
in  the  publication  of  a  technical  society.  The  material,  however,  has 
been  expanded  in  this  bulletin  and  will  be  found  in  a  more  convenient 
form  for  use. 

Arthur  N.  Talbot 
Fred  B  Seely 

Editors 
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I.    Entboduction 

1.  Preliminary. — Part   I  of  this  bulletin  presen  rite  of 
experiments  on  the  flow  of  water  through  J -in.  and  2-in.  gate  val\ 
1-in.  and  2-in.  globe  valves,  and  1-in.  and  2-hx  angle  valv<  s.    The  I 

of  head  caused  by  each  valve,  ex]  I  in  terms  of  the  velocity  h< 

in  the  pipe,  La  given  for  four  differ*  nt  ratios  of  the  height  of  the  valve 
opening  to  the  diameter  of  the  full  valve  orifice,  namely,  'i.  '_•. 
and  l.    The  coefficients  of  dischai  given  for  the  gate  val 

for  each  of  the  four  valve  openi:.. 

1 1 1  a  long  pipe  line  the  total  amount  of  lost  head  is  caused  chiefly 
by  pip^  friction,  the  resistance  due  to  a  valve  being  comparatively  small 
except  for  \»  ry  small  valve  opening 

In  a  variety  of  i  r,  Where  valv<  ised  on  compara- 

tively shorl  pipe  lim  or  example,  in  hydraulic  el(  .  in 

oilier  buildings,  and  in  special  apparatus  it   is  important    to  know  the 

losl  head  caused  by  small  valves  <>f  different  kind-  when 

positions.     Verj  ten  experimental  results  have  been  published  on  this 

Bubject,  particularly  gle  valves,     Any  experimental 

work,  furthermore,  which  helps  to  indicate  the  law  rning  tl 

of  water  Bhould  prove  of  value.     With  thea         -  in  mind  the  results 

herein  recorded  ha\  i  prepared. 

2.  .1  <7.  '">ui>  ihj/tn  nt.      'The  experiment-  herein  considered  Were  I 

formed  ■  l«  nt  th<  sis  work  in  the  Hydraulic  Laboratory  of  the  IJni- 

vei  [ilinois  bj  M.  L.  Thomas,  class  of  1906,  under  the  direction 

of  P»  i  M.Talbot.     1  fnu  imentin 

reflected  in  tl  gruity  of  the  data  presented  in  Mr. Thomas'  tin 
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II.     Apparatus  and  Method  of  Experimenting 

3.  Valves. — The  valves  used  were  bought  in  the  open  market 
and  tested  just  as  received.  The  passages  through  the  2-in.  globe 
valve  were  then  modified  by  the  use  of  plaster  of  paris  to  give  a  more 
gradual  change  of  section  (see  Fig.  10),  and  this  valve  was  tested  again. 
The  types  or  forms  of  the  interiors  of  the  valves  and  the  dimensions  of 
some  of  the  passageways  through  the  valves  are  shown  in  Fig.  1.  The 
1-in.  globe  valve  and  the  1-in.  angle  valve  were  made  by  the  Western 
Tube  Company.     All  the  other  valves  were  made  by  the  Crane  Company. 

4.  Method  of  Experimenting. — The  arrangement  of  the  apparatus 
is  shown  in  Fig.  2.  The  test  valve  was  placed  in  a  horizontal  pipe  to 
which  water  was  supplied  from  a  standpipe  under  a  static  head  of  about 
50  feet.  The  quantity  of  water  discharged  through  the  valve  was 
regulated  by  another  valve  downstream  from  the  test  valve.  The 
volume  discharged  in  a  certain  time  was  measured  in  a  calibrated  pit 
and  the  time  taken  with  an  ordinary  watch  from  which  the  rate  of 
discharge  was  calculated.  Three-way  gage  connections  for  obtaining 
the  pressure  head  in  the  pipe  were  made  at  a  section  one  foot  upstream 
and  one  foot  downstream  from  the  valve.  Care  was  taken  to  avoid 
having  these  connections  project  into  the  interior  of  the  pipe.  It  was 
found  by  experiment  that  when  any  two  of  the  three  pressure  connec- 
tions at  either  section  were  closed,  the  same  difference  of  head  was 
registered  as  when  all  three  connections  at  either  section  were  open. 
The  three-way  connections  were  used,  however,  in  all  the  experiments. 
The  difference  in  the  pressure  heads  at  the  two  sections  was  measured 
by  a  differential  mercury  gage.  A  Crosby  pressure  gage  was  also 
attached  at  each  section  to  serve  as  a  rough  check  on  the  differential 
gage.  The  lost  head  due  to  the  pipe  friction  for  the  two  feet  of  pipe 
between  the  two  sections  was  assumed  to  be  as  given  in  Weston's  Tables 
of  Friction  of  Water  in  Pipes.  This  amount  of  lost  head  was  subtracted 
from  the  reading  of  the  differential  mercury  gage  in  determining  the  loss 
of  head  caused  by  the  valve. 

The  loss  of  head  and  the  corresponding  rate  of  discharge  and 
velocity  in  the  pipe  were  determined  for  each  of  four  valve  openings  for 
each  of  the  six  valves  tested.     The  valve  openings  used  were  such  that 

heights;  of  the  openings  were  one-fourth,  one-half,  three-fourths,  and 
on«-  times  the  diameter  of  the  full  valve  orifice. 
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III.     Experimental  Results  and  Discussion 

5.  Loss  of  Head. — In  Fig.  3  to  8  values  of  the  lost  head  caused 
by  the  valve  are  plotted  as  abscissas  and  the  mean  velocity  in  the  pipe 
as  ordinates.  The  assumed  value  of  the  friction  head  for  the  two  feet 
of  pipe  between  pressure  connections  is  subtracted  from  the  differential 
mercury  gage  reading  in  plotting  the  abscissas.  There  is,  of  course, 
some  doubt  concerning  the  correct  allowance  to  be  made  for  this  pipe 
friction.  The  loss  of  head  due  to  this  cause,  however,  will  be  relatively 
small  except  for  the  larger  valve  openings.  It  will  be  noted  from  the 
curves  in  Fig.  3  to  8  that  the  range  of  velocity  in  the  pipe  varied  of 
course  with  the  kind  of  valve  and  with  the  amount  of  valve  opening. 
The  smallest  mean  velocity  in  any  case  was  about  J4  ft.  per  sec,  while 
the  maximum  mean  velocity  was  about  40  ft.  per  sec. 

The  curves  in  Fig.  3  to  8  give  values  of  the  loss  of  head  caused 
by  the  valves  which  vary  as  the  square  of  the  velocity  in  the  pipe,  that 
is,  the  lost  head  due  to  the  valve  may  be  expressed  in  terms  of  the 
velocity  head  in  the  pipe.  This  fact  is  shown  very  clearly  by  plotting 
the  values  from  the  curves  in  Fig.  3  to  8  on  logarithmic  paper;  the 
curves  showing  the  relation  between  the  lost  head,  ht  and  the  velocity 
in  the  pipe,  v,  become  parallel  straight  lines  with  a  slope  varying  but 
little  from. two,  the  slope  indicating  the  exponent  in  the  equation 
h  =  kvn.     That  is,  h  =  kv2  or,  when  expressed  in  terms  of  the  velocity 

Till) 

head  in  the  pipe,  h  =  -~-  in  which  m  is  called  the  coefficient  of  loss. 

Values  of  the  coefficients  of  loss  for  the  valves  with  the  various  valve 
openings  as  obtained  from  the  curves  in  Fig.  3  to  8  are  given  in  Table  1. 
These  values  have  been  plotted  in  Fig.  9  as  abscissas  against  the  valve 
openings  as  ordinates.  From  these  curves  and  also  from  Table  1  the 
stance  to  flow  caused  by  the  three  kinds  of  valves  may  be  com- 
pared at  various  valve  openings.  It  will  be  noted  that  the  loss  of  head 
varies  in  a  quite  different  manner  with  the  amount  of  valve  opening  for 
these  three  kinds  of  valves,  for  instance,  a  comparison  of  the  results 
for  the  valves  when  completely  opened  shows  that  a  globe  valve  causes 
more  than  twice  as  much  loss  of  head  as  the  corresponding  size  of  angle 
valve,  while  a  gate  valve  causes  markedly  less  loss  than  either  a  globe  or 
an  angle  valve,  the  velocity  in  the  pipe  being  the  same  in  the  three 
the  valve  is  gradually  closed,  the  resistance  to  flow  of  the 
angle  valves  increases  the  least  (decreasing  at  first)  while  the  resistance 
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of  the  gate  valves  increases  the  most  rapidly,  although  the  rate  of 
increase  in  any  case  is  comparatively  small  until  the  valve  is  at  least 
one-half  closed. 
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do 


Fig.  9  also  indicates  that  the  proportions  or  form  or  shape  of  the 
passageways  of  the  valve  of  a  given  type  or  kind  is  a  very  important 
factor  in  causing  loss  of  head.  This  fact  is  shown  by  a  comparison  of 
the  results  for  the  1-in.  globe  valve  with  those  for  the  2-in.  globe  valve 
and  also  by  a  comparison  of  the  results  of  the  1-in.  angle  valve  with 
those  of  the  2-in.  angle  valve.  Each  of  these  1-in.  valves  was  of  a 
somewhat  different  form  from  that  of  the  corresponding  2-in.  valve  as 
may  be  seen  in  Fig.  1.     It  will  be  noted  from  Fig.  9  and  Table  1  that 

Table  1 
Experimental  Values  of  Coefficients  of  Loss 

Values  of  m  in  h  =  —x — 
2g 


Ratio  of  Hf-ifrht  of  Valve- 

Gate  Valves 

Globe  Valves 

Angle  Valves 

Opemo||  to  Diameter  of 
Full  Valve  Opening 

1-inch 
Diameter 

2-inch 
Diameter 

1-inch 
Diameter 

2-inch 
Diameter 

1-inch 
Diameter 

2-inch 
Diameter 

X 

H 

% 

i 

73.0 
7.0 
1  .84 
0.74 

18.8 
2.94 
1.06 
0.35 

16.6 
9.62 

8.75 
7.12 

60.0 
10.9 
6.84 
6.0 

5.00 
2.90 
2.72 
3.23 

7.3 
1.70 
1.44 
1.70 
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for  the  smaller  valve  openings  the  1-in.  globe  valve  and  the  1-in.  angle 
valve  cause  less  resistance  to  flow  than  the  corresponding  2-in.  valves. 
The  difference  is  especially  large  in  the  case  of  the  globe  valves.  This 
unexpected  result  seems  to  be  due  chiefly  to  the  better  shaped  dis- 
charge passages  (more  gradual  expansion)  as  the  water  makes  its 
exit  from  the  1-in.  globe  valve. 

Experiments  were  made  on  the  2-in.  globe  valve  to  see  if  a  more 
gradual  change  in  sections  through  the  valve  would  cause  less  loss  of 
head.  Thi<  gradual  change  was  made  by  filling  in  part  of  the  passage- 
way with  plaster  of  paris,  as  shown  in  Fig.  10.  Thia  modified  valve  was 
then  tested  with  the  valve  one-half  open  and  wide  open,  the  results  for 
which  are  shown  in  Fig.  10.     It  will  be  seen  that  this  modification  had  no 
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effect  on  the  amount  of  head  lost.      This  hat  the  1"  1  in 

I  small  globe  valve  j  e  by  the  form  or  shape  of  the  passage- 

way at  exit  from  the  valve  than  by  the  form  of  the  pa-  irOUgfa  the 

valve,    other  valve  openings  and  other  modifical 
ways,  however,  may  give  better  resull 

In  the  1  IS  not   a  minimum  for 

the  si  valve  opening  mown  in  Table  l  and  in  Fig.  9.     I 

the  2-hx  angle  valve  the  lost  bead  ii  the  same  when  the  val  nly 

<»in -half  open  a-s  it  is  when  the  valve  j|  \\i,i  ,.  the  \  in  the 

pipe  for  the  two  valve  openings  being  the  same,  that  is,  I 
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of  loss  is  the  same  for  these  two  valve  openings.  When  this  valve  is 
throe-fourths  open,  however,  the  coefficient  of  loss  is  about  20  per 
cent  loss  than  when  the  valve  is  one-half  open  or  wide  open.  The  1-in. 
globe  valve  caused  a  smaller  amount  of  lost  head  when  it  was  one-half 
and  three-fourths  open  than  it  did  when  wide  open,  the  velocity  in  the 
pipe  being  the  same  for  each  of  the  valve  settings.  The  difference, 
however,  between  the  coefficients  of  loss  for  these  three  valve  openings 
is  not  large.  The  reason  that  the  minimum  loss  of  head  in  the  angle 
valves  occurs  when  the  valve  is  about  three-fourths  open  is  probably 
because  at  this  opening  the  water  can  flow  through  comparatively  large 
openings  all  around  the  valve  disc  meeting  with  less  abrupt  changes  of 
directions  than  when  the  valve  is  wide  open.  In  the  latter  case  there 
is  much  turbulent  action  due  to  the  impact  of  the  water  against  the  bot- 
tom of  the  valve.  As  the  valve  opening  decreases  from  the  three-fourths 
open  position,  the  greater  resistance  due  to  the  narrowing  passages 
causes  the  lost  head  to  increase  again. 

The  assumption  is  sometimes  made  that  for  comparatively  small 
valves  of  like  type  or  kind  the  loss  of  head  varies  inversely  with  the 
diameter  of  the  valve.  For  the  larger  valve  openings  this  assumption 
is  probably  approximately  true,  but  from  the  foregoing  results  and  dis- 
cussion it  would  seem  that  at  least  for  globe  and  angle  valves  the  form 
or  shape  of  the  passages  of  the  valve  is  a  determining  factor  in  the 
amount  of  head  lost  at  the  smaller  valve  openings. 

6.  Earlier  Experiments  on  Gate  Valves. — Among  the  first  reliable 
published  results  on  valves  were  those  by  Weisbach.*  The  largest 
gate  valve  used  by  Weisbach  was  a  little  less  than  two  inches.  Globe 
and  angle  valves,  at  least  of  modern  construction,  were  not  tested. 
Other  experiments  on  gate  valves  have  been  reported  by  Magruderf 
on  %-in.,  j^-in.,  M-in.,  1-in.,  and  13^-in.  gate  valves,  by  FolwellJ  on 
a  4-in.  gate  valve,  by  Kuichlinglf  on  a  24-in.  gate  valve,  and  by  J.  Waldo 
Smith§  on  a  30-in.  gate  valve.  In  Smith's  experiments  the  30-in. 
valve  was  located  in  a  42-in.  pipe  with  increaser-shaped  or  Venturi- 
shaped  approaches,  and  in  Kuichling's  experiments  the  valve  was 
placed  in  one  branch  of  a  Y  only  a  few  feet  from  the  section  where  the 
V  started  to  branch.     The  methods  of  determining  the  lost  head  in  the 


*  M':r-hanics  of  Engineering  (Coxe's  translation). 
+  J.riKin<;<;ring  Record,  Vol.  XL,  p.  78,  1899. 

int4  Newt,  Vol.  XLVII,  p.  302,  1902. 

Mr.  Bng;  Vol.  XXVI,  p.  439,  and  Vol.  XXXIV. 
i  Tran-;.  Am.  8oc.  Civ.  Eng.  Vol.  XXXIV,  p.  235  (p.  243),  1895. 
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various  experiments  were  also  different*  For  these  n  it  is  obvi- 
ous that  the  results  of  these  experiments  are  not  directly  comparable. 
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In  Table  2  ran  the  values  of  the  coefficients  of  lo.«  nM  by 

the  various  experimenters  mentioned  previously,  m  •reU  m  the  val 
obtained  in  the  experiments  herein  reported    These  vain 
coefficients  of  loss  arc  those  due  to  partial  closure  of  the  valves  only. 

that    is,   in  the  lo-s  of  hea»l   OaUDOd   by   the   valve   when   u 

open.    Smith's  experiments  an  the  only  ones  in  which  valve  openii 

than  one-eighth  were  used    There  i  iderable  ohan 

ermr  in  the  i  obtained  fox  the  vary  mail  vah  Lue 

chiefly  to  the  unoertainty  in  securing  the  vah 

indicate-  a  rather  <  greemenl   in  the  coefficient   of  1.  all 

tin-  gate  valves  having  diamet  2  in.  or  greater,  and  for  valve 
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openings  of  34  or  perhaps  %  and  greater.  The  values  for  the  1-in. 
valve  show  a  considerable  increase  in  the  lost  head  over  that  for  valves 
of  2-in.  diameter  and  greater.  It  is  probable  also  that  there  is  consid- 
erable variation  in  the  smaller  valves  of  any  one  type  and  size. 

7.  Coefficients  of  Discharge  for  Gate  Valves. — In  order  to  determine 
the  rate  of  discharge  through  a  pipe  a  partially  closed  valve  has  some- 
times been  used.  This  requires  the  values  of  the  coefficients  of  dis- 
charge of  the  valve  for  various  valve  openings  since  the  rate  of  discharge, 
q,  is  found  from  the  expression,  cA^j2gh,  in  which  c  is  the  coefficient 
of  discharge,  A  the  area  of  the  valve  opening,  and  h  the  difference  in 
pressure  heads  on  the  two  sides  of  the  valve  (lost  head),  velocity  of 
approach  being  neglected.  The  average  values  of  the  coefficients  of 
discharge  for  the  1-in.  and  2-in.  gate  valves  as  found  in  the  experi- 
ments reported  in  this  bulletin  are  given  in  Table  3.     The  value  of  the 


Table  3 

Experimental  Values  of  the  Coefficients  of  Discharge  for 

Gate  Valves 


Values  of  c 


A^2gh 


Ratio  of  Height  of  Valve- 
Opening  to  Diameter  of 

Coefficient  of  Discharge 

Area  of  Valve-Opening 
Square  Inch 

Full  Valve-Opening 

1-inch  Valve 

2-inch  Valve 

1-inch  Valve 

2-inch  Valve 

K 

.48 

.88 

.195 

.826 

H 

.67 

1.00 

.450 

1.80 

M 

.88 

1.12 

.660 

2.67 

l 

1.16 

1.70 

.785 

3.14 

coefficient  varied  somewhat  with  the  velocity  for  any  given  valve  open- 
ing.    Because  of  the  uncertainty  of  obtaining  the  exact  valve  setting 

J  red  and  the  corresponding  uncertainty  in  the  area  of  the  valve 
opening,  the  values  of  the  coefficients  of  discharge  given  in  Table  3 
cannot  be  considered  as  refined  determinations. 

It  will  be  noted  that  the  coefficient  of  discharge  increases  directly 
with  the  valve  opening  for  each  of  the  gate  valves  for  a  range  of  valve 
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openings  of  }  i  to  H  or  perhaps  greater.     The  more  the  vaiv<  oed 

the  greater  is  the  velocity  of  approach  toward  the  valve  and  since  the 
velocity  of  approach  is  not  considered  in  the  calculation  of  the  coeffi- 
cient of  discharge  the  value  of  the  coefficient  increases  with  the  valve 
opening.     The  coefficient  of  discharge  for  the  valves  used  by  Kuichling 
and  Smith  decreae         .Jiily  until  the  valve  was  about  one-fourth  0] 
and  then  increased  rapidly  for  further  openings  of  the  valve.     I 
with  a  2]  j-in.  flat  disc  stop  valve  found  nearly  a 
of  discharge  of  0.80.    rJ  ariations  in  the  coefficients  of  dischi 

are  not  surprising  considering  the  wide  ran^e  of  conditions  covered  by 
the  experiments.     The;,  st,   however,   that   i-" 

l>e  used  for  determining  t},>  :i  pipes  with  r  Me 

accuracy  much  more  experimenting  is  required,  or  better,  where  it   i- 
possil  le,  experimi  ould  he  performed  under  service  condition* 

calibrate  the  particular  valve  to  he  used. 

8.     s  /.    d'h»'  following  brief  summary  i-  given  a-  applj 

to   1-in.  and  2-in.  valves  of  the  three  k: 

valves,  and  aiiLrl«-  valves     with  valve  Bettings  ranging  from  one-fourth 

open  to  wide  open. 

I  The  loss  of  bead  caused  by  -mall  valve-  van  the 
square  of  the  velocity  in  the  pipe  for  all  the  valve  openings;  he 
the  loei  head  may  1                                I  ant  times  the  velocity  head 

in  the  pipe,  yh      ,    ). 

2)     When  wide  open  s  globe  valve  than  twice  as 

much  loss  of  head  as  an  ai         alve  of  the  .  while 

valve  i  much  lea  :  head  than  eith<  ir  an  angle 

valve,  tli.'  velocity  in  the  pipe  being  tl  in  the  thro 

(3)    Th-  head  for  a  e  valvi 

out  three-foui  m  than  when  wid  In  the 

pipe  being  t he  same  in  each 

I I  Th(  I  head  for  each  valve,  a-  the  valve  is  closed  from 
i  wide  open  position,  varies  comparatively  little  with  the  valve 
opening  until  the  val  is  further 

do  the   In  i>\    the  gli  \<  -  and   g 

valves  in'  rapidly  and  is  considerably  lai  to  thai  ^i  the 

Ar  \  a!' 

I     The  form  or  sha]  -  through  a  gl< 

angle  val  on  'le  d  head  for  the  small 
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valve  openings.  The  portion  of  the  passageways  in  which  the  form 
-coins  of  greatest  importance  is  in  the  exit  from  the  valve  rather 
than  in  the  passageways  leading  to  the  valve  disc  or  seat.  On 
account  of  the  influence  of  the  form  or  shape  of  the  valve  no  law 
giving  the  relation  of  the  lost  head  to  the  diameter  of  the  valve  can 
be  stated  for  valve  settings  less  than  five-eighths  open.  For  larger 
valve  openings  than  this,  the  lost  head  seems  to  vary  approximately 
inversely  as  the  diameter. 

(6)  The  use  of  the  lost  head  through  a  partially  closed  valve 
as  a  means  of  determining  the  flow  can  be  only  a  very  rough  method 
of  measurement  unless  the  particular  valve  to  be  used  is  calibrated 
under  service  conditions.  Even  then  the  difficulty  in  obtaining 
the  desired  valve  setting  may  introduce  considerable  uncertainty 
in  the  results. 
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Part  II 


THE  FLOW   OF   WATER   THROUGH    SUBMERGED 

0RIFIC1 


IV.      [NTBODl  I  i  [ON 

9.  Preliminary.  Part  II  of  this  bulletin  presents  the  results  of 
experiment-  on  submerged  Bharp-edged  orifices  of  various  shapes  and 
sizes  discharging  under  moderately  low  and  under  very  low  heads. 
The  orifices  used  were  of  three  shapes,  circular  orifices  with  diamefc 

from  1  in.  to  h  in.,  square  orifices  with  sides  from  M  in.  to  5M  in.,  and 
rectangular  orifice-  having  one  side  range  from  '_>  in.  to  2  in.,  the  other 
side  being  6  in.  in  each  case.     The  coefficient  of  discharge  i-  given  \^v 

each   orifice   for   a  velocity   range   of  approximately    M    ft.   per  B6C.   to 

4  ft.  per  -<•<•.  This  range  corresponds  roughly  to  a  range  of  head  on 
the  orifice  of  0.006  ft.  to  0.08  ft. 

Considerable  experimenting  ha-  been  done  on  orifice-  discharging 
into  air,  particularly  on  Bharp-edged  circular  orii  rather  small  - 

although  the  results  are  somewhat  discordant.     Comparatively  little 
experimental  work,  however,  ha-  been  carried  out  on  submerged  '»rifi 
While  the  orifice  ha-  lo-t  -one  of  it-  importanc  water  measuring 

device   due   to   the   development    of  other   methods,    it    i-.    IieVert  hflr-s,   of 

importance  to  determine  how  the  rate  of  discharge  is  ted  by  the 

Bhape  and  the  Site  of  the  orifice  and  also  by  the  head  <»n  the  on' 
particularly  the  effect   of  very  low  lead-  which  the  BUbmerged  or; 

make-  possible. 

The  Submerged   orifice  may   be  of  particular  importance   in   ca-r- 

which  require  the  measurement  of  water  with  as  -mall  a  loss  of  head  a- 
possible  as,  for  example,  in  determining  the  discharge  from  a  wi 

turbine  when  operating  under  a  low  head.    The  decrease  in  the  avail- 
able head  on  the  turbine  made  necessary  by  the  proper  -.  ttm. 
may  he  an  important  factor  in  the  installation. 

There   i-   a   feeling  anc  'hat    the  important 

the  so-called  standard  orifice  sharped  omplete  contraction  without 
velocity  of  approach,  etc.  ha-  been  o^ er-emphasised  and  that  beveled- 
edged  orifice-  are  better  adapted  at  least  to  conditions  where  the  orifice 
may  !>«•  obstructed  and  the  .  oon  worn  iple,  m 

measuring  the  water  supplied  to  water  wheels  through  flume  or  hulk- 
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head  openings.  There  exist,  no  doubt,  some  grounds  for  this  feeling. 
A  sharp  edged  orifice  (an  opening  in  a  thin  plate),  however,  is  subject 
to  less  variation  in  its  construction  than  a  beveled-edged  orifice.  This 
fact  is  of  considerable  importance  where  accuracy  is  essential.  It  is 
felt  that  the  submerged  orifice,  both  beveled-edged  and  sharp-edged, 
is  worthy  of  more  attention  than  has  been  accorded  it. 

10.  Acknowledgment. — The  experimenting  was  done  in  the  Hyd- 
raulic Laboratory  of  the  University  of  Illinois.  Some  of  the  results 
herein  presented  have  been  taken  from  the  theses  of  W.  R.  Robinson 
of  the  class  of  1906  and  G.  D.  Phillips  of  the  class  of  1907,  and  some 
of  the  results  also,  particularly  at  the  low  heads,  have  been  taken 
from  a  second  thesis  presented  by  Mr.  Robinson  in  1909.  All  the 
thesis  work  was  conducted  under  the  direction  of  Professor  Arthur 
N.  Talbot.  The  careful  way  in  which  this  preliminary  experiment- 
ing was  done  has  made  the  results  of  the  theses  of  much  value.  Dur- 
ing 1914  and  1915  the  writer  spent  considerable  time  in  checking  the 
results  of  the  theses  work  and  extending  certain  parts  of  the  investi- 
gation. 
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V.  Apparatus  and  Mxthod  of  Experimenting 

11.  Orifices. — The  orifices  used  were  of  three  different  -ha; 
Four  of  the  orifices  wen-  circular  with  diameters  of  1  in..  2  in.,  4  in.. 
and  6  in.  Five  were  square  with  sides  of  M  in,,  1  in..  2  in.,  1  in.,  and 
blA  in.  Three  were  rectangular  with  dimensions  of  M  in.  by  6  in., 
1  in.  by  (3  in.,  and  2  in.  by  6  in.  In  each  ease  the  orifice  was  formed 
in  a  cast  iron  plate  }■>  in.  thick  and  10'j  in.  in  diameter,  a  sharp  I 
being  formed  by  beveling  at  15  degrees.  Except  for  a  few  small  nicks 
the  edges  were  sharp  and  the  arras  closely  true  to  shape.  The  dimen- 
sions of  the  orifices  were  carefully  determined  (except  for  the  1-in. 
circular  orifice)  by  an  inside  micrometer  for  dimensions  r  than 

1  in.  and  inside  screw  calipers  for  dimensions  less  than  1  in.  A  list  of 
the  orifices  used  and  the  areas  as  determined  from  the  measured  dimen- 
sions are  given  in  Table  4.     The  1-in.  circular  orifice  WM  broken  before 

Table  4 
List  of  Orifices  Used 


Form  of  Oru 

Maimed  Area 

sq  . 

ihr 

1  in.  diam. 

2  in    diam. 

itn. 
in. 

not  measured 
0.01 

S83 

0  : 

'..  in.  \>y     .4  in. 
1  in    l.y        1  in. 

in. 

I  in.  bj       i  in 

o  o> 

- 
0  ; 

tnngular 

'.  III. 

o  wis 

0.0838 

it-  dimensions  were  tal  that  the  nominal  diam  l  in. 

been   Used   in   the  Calculations.      There   may   be   <<>me  error,   thorefi 

in  t  lie  results  for  this  orifice. 
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12.  Tank  Used  and  Method  of  Experimenting. — The  same  tank 
was  used  in  all  the  experiments,  the  dimensions  and  general  arrange- 
ment of  which  is  shown  in  Fig.  11.*  The  tank  was  divided  into  two 
compartments  by  a  vertical  partition  in  which  the  orifice  was  placed, 
holding  the  orifice  in  a  vertical  plane. 

The  water  coming  from  the  laboratory  standpipe  was  supplied 
to  the  tank  through  a  6-in.  supply  pipe  and  also  through  a  ^-in. 
pipe,  the  latter  making  possible  a  finer  adjustment  in  maintaining  a 
constant  head.  After  passing  through  baffle  boards  the  water  flowed 
through  the  orifice  and  finally  left  the  downstream  compartment  by 
passing  out  through  small  openings  in  the  end  of  the  tank,  the  flow 
through  which  was  regulated  by  placing  stoppers  in  some  of  the  holes. 
These  holes  were  arranged  in  two  narrow  portions  in  the  end  of  the 
tank,  one  near  each  side  of  the  tank,  and  the  stoppers  were  arranged 
so  as  to  give  nearly  a  uniform  distribution  from  each  of  the  two  sets  of 
openings.  This  arrangement,  it  was  found,  helped  to  maintain  steady 
conditions. 

The  quantity  of  water  discharged  was  determined  by  weighing  for 
the  small  discharges  and  by  measuring  in  a  pit  for  the  larger  discharges. 
The  pit  was  about  6  ft.  deep,  and  7.995  ft.  in  diameter.  The  value 
for  the  diameter  is  the  average  of  a  large  number  of  readings  of  a 
micrometer  attached  to  a  rigid  stick.  The  rise  in  the  pit  was  deter- 
mined by  a  vertical  graduated  rod  which  could  be  read  directly  to 
0.02  ft.  and  to  0.004  ft.  by  estimating.  A  float  was  attached  to  the 
bottom  of  the  rod  and  a  still  basin  was  provided.  The  water  was 
wasted  into  another  pit  through  a  movable  spout  until  the  surface 
of  the  water  in  the  measuring  pit  became  fairly  still  so  that  an  accurate 
reading  of  the  rod  could  be  taken.  A  hook  gage  was  used  to  test  the 
accuracy  of  the  float  and  rod.  At  the  end  of  the  experiment  the  water 
was  again  wasted  in  the  same  manner.  A  calibrated  stop  watch  gave 
the  time  corresponding  to  the  rise  in  the  pit. 

The  head  causing  flow  through  the  orifice  is  the  difference  in  the 
levels  of  the  water  surfaces  in  the  two  compartments  of  the  tank. 
This  head  was  measured  in  nearly  all  the  experiments  by  means  of  hook 
gages.  These  gages  were  read  directly  to  0.001  ft.  and  to  0.0005  ft. 
by  estimating.  Vertical  2-in.  pipes  attached  toward  the  bottom  of 
the  tank  served  as  still  basins  for  the  hook  gages.  The  level  of  the 
water  in  the  upstream  compartment  was  determined  by  the  use  of  one 


lew  of  the  tank  is  .shown  in  Fig.  5  of  Bulletin  No.  96  of  the  Engineering  Experiment  Station 
of  the  University  of  Mini 
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hook  gage  only,  while  two  gages  were  used  on  the  downstream  com- 
partment in  the  earlier  experiments.  It  was  found,  however,  that  for 
the  lower  heads  the  two  gages  gave  practically  the  same  result,  while 
for  the  higher  heads  the  gage  nearer  the  partition  gave  less  fluctuation. 
For  these  reasons  and  because  of  less  difficulty  in  getting  simultaneous 
readings  of  only  two  gages,  it  was  decided  to  take  readings  with  one 
gage  only  on  each  compartment. 

Zero  readings  of  the  hook  gages  were  obtained  by  reading  the 
gages  when  the  tank  was  nearly  full  and  when  no  water  was  allowed 
to  escape,  the  levels  of  the  water  surfaces  in  the  two  compartments 
then  being  the  same.  Zero  readings  were  taken  frequently  during 
the  experimenting. 

For  most  of  the  heads  above  0.3  ft.,  the  head  was  measured  by 
two  vertical  peizometer  glasses,  one  attached  near  the  bottom  of  each 
compartment,  the  difference  in  readings  of  which  (corrected  for  zero 
reading)  gave  the  head  to  0.001  ft.  These  two  methods  overlapped 
somewhat  so  that  certain  heads  were  measured  by  both  methods. 

Leakage  from  the  tank  and  from  the  measuring  pit  was  determined 
several  times  during  the  progress  of  the  experimenting  and  was  found 
to  be  negligible. 

An  experiment  or  run  consisted  of  the  following:  A  sufficient 
number  of  stoppers  was  removed  from  the  end  of  the  tank  to  give  the 
desired  discharge  and  the  inflow  through  the  6-in.  and  M-in.  pipes 
was  then  adjusted  until  the  difference  in  levels  of  the  water  surfaces 
in  the  two  compartments  of  the  tank  became  constant.  The  %-in. 
supply  pipe  was  used  to  make" the  final  adjustment  of  the  head  and  to 
hold  the  head  constant  throughout  the  experiment.  After  obtaining 
a  constant  head,  the  waste  pipe'shown  in  Fig.  11  was  pulled  from  beneath 
the  discharge  pipe,  thus  allowing  the  water  to  discharge  into  the  meas- 
uring pit  until  the  rise  in  the  pit  was  sufficient  to  allow  its  measurement 
without  appreciable  error  and  also  to  allow  time  for  an  accurate  meas- 
urement of  the  head.  The  head  was  taken  as  an  average  of  from  two 
to  ten  readings  of  the  hook  gages,  the  larger  number  being  necessary 
with  the  higher  velocities  on  account  of  the  greater  fluctuations  of  the 
water  levels  due  to  the  more  turbulent  conditions  of  the  water,  espe- 
cially in  the  downstream  compartment.  Each  experiment  was  repeated, 
i.  rule,  three  times,  although  in  some  cases  as  many  as  eight  or  ten 
run-  were  made. 
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13.    Method  of  Calculating  the  Co  '  of  Discharge-  The  head, 

h,  causing  flow  through  the  orifice  is  the  difference  in  the  lei  the 

water  BUifacefl  in  the  two  compartmentfl  of  the  tank.    The  ideal  i 
of  discharge  ia  -1  y2gh  in  which  .1  la  the  area  of  the  orifice  in  Bquare 

feet  and  g  is  the  acceleration  due  to  gravity  in  feel  per  Becond  per  second; 

hence  the  coefficient  of  discharge,  c,  is  found  from. 

Q 
C    Ayl2gh 
where  q  is  the  measured  rate  of  discharge  in  cubic  feet  per  second,  as 
determined  from  the  measured  weight  or  volume  discharged  and  the 
corresponding  time. 
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VI.     Experimental  Results  and  Discussion 

14.  Coefficients  of  Discharge. — Fig.  12,  13,  and  14  show  the 
experimental  values  of  the  coefficients  of  discharge  for  the  various 
orifices  tested.  Each  plotted  point  represents  the  average  of  from  two 
to  ten  experiments  at  practically  the  same  head.     It  will  be  noted  that 
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Fig.  12.     Diagrams  Showing  Values  of  Coefficients  of^Discharge 
of  Circular  Submerged  Orifices  for  Various  Velocities 
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Fig.  14.    Diagrams  Showing  Values  oi   Cokfticikntb  o]    Dm 

Rbctangulab  Submrrgrd  Obivk  Various  Vrxocitirs 

for  any  given  orifice  the  coefficient  is  constanl  for  the  whole  rang* 
velocity  used  in  these  experiments  which  in  most  of  the  i  -  about 

\i  ft.  per  sec.  to  i  or  5  ft.  per  Bee.  This  velocity  range  corresponds 
roughly  to  a  range  in  head  of  0.006  to  0.08  ft.  and  as  may  be  expected 
the  values  of  the  coefficient  show  the  greatest  variation  at  the  very 
low  heads. 
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Table  5  and  Fig.  15,  16,  and  17  show  how  the  coefficient  of  dis- 
charge for  the  orifices  of  any  given  shape  varies  with  the  diameter  or 

\    ° 


2  3  4  5  6 

Diameter  of"  Circu/ar  Orif/ces-  /h. 


Fig.  15.     Curve  Showing  the  Relation  between  Coefficient  of 
Discharge  for  Circular  Orifice  and  Diameter  of  Orifice 
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Fig.  16.     Curve  Showing  the  Relation  between  Coefficient  of  Dis- 
charge for  Square  Orifice  and  Side  of  Orifice 
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Vertical  Side  of  Rectangular  Orifices- in. 

Fig.  17.     Curve  Showing  the  Relation  between  Coefficient  of  Dis- 
charge of  Rectangular  Orifice  and  Short  Side  of  Orifice 
(Other  Side  being  Six  Inches  in  Each  Case) 

side  of  the  orifice,  while  from  Fig.  18  a  comparison  may  be  made  between 
the  coefficients  of  discharge  for  the  different  shaped  orifices  on  the 
basis  of  their  areas.  These  figures  show  that  the  coefficient  of  discharge 
for  circular  and  square  orifices  decrease  as  the  size  increases  until  an 
area  of  8  or  10  square  inches  is  reached  after  which  the  coefficient  has 
a  constant  value  of  not  far  from  0.60.  This  indicates  that  complete 
contraction  does  not  take  place  with  the  smaller  orifices.  Because  of 
the  uncertainty  of  the  exact  diameter  there  is  some  doubt,  however, 
concerning  the  correct  value  for  the  1-in.  circular  orifice.  It  will  be 
noted  also  that  the  coefficient  of  discharge  for  the  rectangular  orifices 
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remain  constant  for  the  range  of  areas  used  in  these  experiments  and 
that  its  value  is  larger  than  that  for  circular  and  square  orifices  of  the 
same  area.  Fig.  18  indicates  furthermore  that  as  the  area  of  the  orifices 
decreases  below  8  sq.  in.,  the  coefficient  of  discharge  for  circular  orifices 
increases  faster  than  that  for  square  orifices.  These  observations 
suggest  that  the  longer  side  of  the  rectangular  orifice-  has  a  controlling 
influence  in  determining  the  rate  of  discharge  for  a  given  head  and 
that  the  corner-  of  a  small  Bquare  orifice  are  inefficient  in  discharging 
water  as  compared  with  the  form  of  a  circular  orifice  of  the  same  area. 

15.     Results  Obtained  by  Earlier  Ex\  ters. — In  order  to  com- 

pare the  results  given  in  this  bulletin  with  those  of  earlier  investigations 

and  to  extend  the  study  to  include  higher  head-  and  velocities,  the 
results  given  in  Table  6  have  been  condensed  from  available  published 
data.  It  will  be  noted  that  the  results  are  not  entirely  concordant, 
but  considering  the  different  arrangements  and  method-  of  measuring 

the  head  and  the  rate  of  discharge,  the  results  -how  B  very  a- 

ment.  The  low  value  of  the  coefficient  of  discharge  found  by  Brands 
is  due  no  doubt  to  the  faet  that  the  rate  of  discharge  was  measured 
over  a  weir  on  which  the  bead  was  rather  -mall.  From  Table  6  it  will 
be  seen  that  in  -..me  of  the  earlier  investigations  the  coefficient  of 
discharge  increased  slightly  with  the  head  while  in  other-  the  coeffi- 
cient decreased,  and  in  -till  other-  it  showed  no  systematic  chai 
In  all  cases  the  value  of  the  coefficient  of  discharge  is  not  far  from 
0.00.    The  small  square  orifice    L.2  in.  by  1.2  in.    used  by  Samilton 

Smith   gave  a  slightly   larger  coefficient    than   the  circular  orifice  with 

a  diameter  of  1.2  inches.    This  result  i>  the  reverse  of  that  found  in 

the  experiments  described  in  this  bulletin.    The  value-  also  of  the 

fficient  of^discharge  tor  circular  and  square  oriffi<     JJ      found  by 
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Table  6 

Results  Obtained  by  Earlier  Experimenters  on  Submerged 
Sharp-edged  Orifices 


Circular  Orifices 

Square  Orifices 

Coeffi- 

Coeffi- 

Diam- 

cient 

cient 

eter 

Head 

of 

Dimen- 

Head 

of 

Source 

inches 

feet 

Dis- 
charge 

Source 

sions 
inches 

feet 

Dis- 
charge 

d 

h 

c 

h 

c 

1.024 

.592 

0.35 

.6201 

1.324 

.592 

Hamilton  Smith,  Jr. 

3.6  by  0.6 

2.21 

.6092 

Francis 

1.22 

1.490 
1.499 
1.514 

.592 
.593 
.591 

4.06 

.6068 

0.207 
0.410 

.6117 
.6091 

0.437 

.6183 

0.771 

.6053 

Hamilton  Smith,  Jr. 

0.6 

2.16 

.6041 

Hamilton  Smith,  Jr. 

1.2  by  1.2 

1.52 

.6055 

4.08 

.6016 

2.32 
3.11 
3.95 

.6040 
.6052 
.6048 

0.250 

.6048 

0.(548 

.6027 

0 .  985 

.6025 

2.32 

.600 

1.51 

.6006 

3.92 

.602 

Hamilton  Smith,  Jr. 

1.2 

2.00 

.6006 

7.99 

.606 

2.58 

.  5997 

Ellis 

12  by  12 

11.58 

.605 

2.99 

.5989 

14.31 

.611 

3.57 

.  5987 

16.22 

.606 

3.97 

.  5992 

18.45 

.606 

2.60 

.607 

0.363 

.5940 

4.71 

.590 

0.750 

.5940 

6.41 

.606 

0.771 

.5932 

8.10 

.599 

0.826 

.5982 

Ellis 

12.0 

8.80 

.600 

0.905 

.  5950' 

12.09 

.600 

Balch 

12  by  12 

1.134 

.5960 

14.25 

.601 

1.371 

.5970 

16.29 

.602 

2.097 

.6056 

18.66 

.599 

2.636 
3.220 
3.975 

.6105 
.6095 
.6148 

0.145 
0.469 

.5909 
.5902 

0.851 

.5912 

.05 

.626 

1.254 

.5993 

48  by  48 

.10 

.608 

Balch 

12.0 

1.612 

.5921 

Stewart 

(3.72  in. 

.15 

.605 

2.012 

.5924 

thick) 

.20 

.605 

2.421 

.  5954 

.25 

.606 

2.949 

.5967 

.30 

.610 

3.410 
4.015 

.  6006 
.  6054 

Rectangular  Ori 

ices 

0.614 

.6219 

Hamilton  Smith,  Jr. 

0.6  by  3.6 

1.63 
2.77 

.6207 
.6188 
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Hamilton  Smith  are  slightly  Less  than  those  herein  reported  in  Table  5. 
Emitting  the  values  as  given  by  Francis  it  will  be  observed  that  th< 
is  very  little  difference  between  the  coefficients  for  the  small  and  the 
large  orifices,  the  value  of  the  coefficient  varying  only  slightly  from 
0.60.  From  the  results  obtained  in  the  present  investigation  as  given 
in  Table  5  and  in  Fig.  12.  13,  and  11.  it  will  be  Been  that  the  coefficient 
varies  more  with  the  size  of  the  orifice  than  is  shown  by  the  results  of 
the  earlier  experiment-,  a-  given  in  Tabli 

It  will  be  observed  also  that  the  coefficient  of  discharge  for  the 

rectangular  orifice  used  by  Hamilton  Smith  is  somewhat  smaller  than 
that  herein  reported.  It  may  seem  that  the  diverging  sides  of  the 
orifices  used  in  the  experiments  reported  in  this  bulletin  (orifice  plate 
"j-in.  thick)  would  form  a  diverging  mouthpiece,  particularly  in  the 
"  of  the  smaller  orifices,  but  experiments*  on  diverging  mouth- 
pieces have  Bhown  that  a  mouthpiece  having  a  total  angle  of  divergence 
df  !»()  degrees  has  very  little,  if  any,  effect  on  the  rate  of  dischai 

It'..  Comparison  with  Dischargi  into  .1//-.— The  experiments  on 
Bharp-edged  orifice-  with  discharge  into  air  are  more  numerous  than 
for  submerged  discharge.  Tin-  experiments  of  Bilton  and  to  a  Less 
degree  those  by  Judd  and  King,  and  those  by  Mair  and  by  Ellis  indicate 
that  there  i-  a  critical  head  for  each  circular  orifice  above  which  the 
coefficient  remain-  constant.  Hilton  conclude-  that  ••circular  orifices 
of  2H-in.  diameter,  and  over,  under  heads  of   17  in.,  and  over.  ha\ 

common  coefficient  of  discharge  lying  between  0.59  and  0.60  but  which 

is  probably  about  0.598  SUbjecl  to  the  head  being  not  less  than  2  or 
;■}  diameter!  The  results  of  the  experiment-  of  Hamilton  Smith.  a- 

i-  well  known,  indicate  that  the  coefficient  of  discharge  gradually 
decreases  as  the  size  of  the  orifice  increases,  ami  also  decre;  the 

head  increases  until  at  :i  head  of  loo  ft.  nil  orif'c  gardless  of  the 

sise  or  the  shape,  have  a  common  coefficient  of  discharg 

The  results  of  the  experiments  on  submerged  orifices  herein  reported 
seem  to  indical  previously  noted,  that  orifices  having  diamet 

greater  than  about   2H  ">•  (or  sides,  if  square    ha-.'  >mmon  co- 

efficient of  discharge  which  u  very  close  to  0.60.  There  seems,  how- 
ever, to  be  no  evidence  of  a  critical  head  since  tic  coefficient  remains 
constant  for  the  whole  range  ^(  head  used,  uor  is  there  evidence  of  a 
critical  head  in  the  results  obtained  by  earlier  experimenters  on  sub- 
merged orifio  iven  in  Table  6. 
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From  a  study  of  the  experimental  results  on  orifices  with  discharge 
into  air  it  is  believed  that  the  coefficient  of  discharge  for  submerged 
orifices  are  the  same  as  those  for  discharge  into  air  for  the  same  heads 
and  sizes  and  shapes  (except  for  very  small  heads).  It  is  doubtful  if 
the  statement  sometimes  made,  namely,  that  the  coefficient  of  discharge 
for  submerged  orifices  is  about  one  per  cent  less  than  that  for  free  dis- 
charge, is  justified. 

17.  Summary. — The  following  brief  summary  is  given  as  applying 
to  submerged  sharp-edged  orifices  for  velocities  from  M  to  5  ft.  per  sec. 

(1)  The  coefficient  of  discharge  for  a  circular,  a  square,  or 
a  rectangular  submerged  orifice  does  not  vary  with  the  velocity. 

(2)  Circular  and  square  submerged  orifices  having  areas 
greater  than  about  10  sq.  in.  have  a  common  coefficient  of  dis- 
charge varying  but  little  from  0.60. 

(3)  Rectangular  submerged  orifices  having  one  side  from  3  to 
12  times  the  other  side  have  a  constant  coefficient  of  discharge 
which  is  larger  than  that  for  circular  and  square  orifices  of  the 
same  size,  particularly  for  the  larger  areas,  at  least  up  to  a  size 
of  12  sq.  in. 

(4)  The  flow  of  water  through  submerged  sharp-edged  ori- 
fices is  very  nearly  the  same  as  that  for  the  same  kind  of  orifices 
with  discharge  into  air,  provided  the  head  is  not  less  than  2  or  3 
diameters  when  the  discharge  isjnto  air. 
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Part  III 
FIRE  STREAMS    FROM   SMALL   HOSE  AND   NOZZLES* 


VII.     Introduction" 

18.  Scope  of  Experiments. — Part  III  presents  the  results  of  experi- 
ments on  Ui-in.  hose  and  nozzles.  Both  rubber-line.  1  :  id  inc- 
lined linen  hose  were  used.  Three  sues  of  conical  nozzles  were  tested, 
the  diameters  of  the  nozzle  openings  being  ^6  in.,  Vi&  in.,  and    '_>  in. 

The  loss  of  head  in  the  hose  due  to  friction  and  the  corresponding 
friction  factor  are  given  for  each  hose  for  a  range  in  velocity  from 
about  4  to  S  ft.  per  sec.  The  coefficient  of  discharge  iY>r  each  nozzle 
is  recorded  for  a  range  in  pressure  at  the  base  of  the  nozzle  from  about 
10  to  85  lb.  per  sq.  in.  The  height  and  the  horizontal  distance  which 
the  jets  reached  air  also  p  1.     The  influence  of  a  cylindrical  tip 

on  a  nozzle  is  brought  out  and  sonic  discussion  is  given  concerning 
the  quantity  of  water  required  for  temporary  fire  protection  for  the 
interior  of  buildings. 

The  importance  of  adequate  fire  protection  has  become  so  well  i 
ognised  that  most  buildings,  even  those  of  moderate  size,  are  equipped 
with  some  Bort  of  fir<-  apparatus  tor  immediate  service  in  if  fire  in 

the  interior  of  the  building  and  until  the  city  fire  department  arri 
The  ordinary  water  buckets  and  portable  chemical  fire  extinguishers 
have  in  a  Large  measure  been  supplemented  with  small  fire  hose.     Few 

data    are    available   concerning   the    hydraulics   of   -mall    fire   streams. 

Many  inquiries  concerning  the  discharge  from  small  nozzles  and  the 
Loss  of  head  in  -mall  hose  Led  to  tin  which  are  herein  described. 

The  tests  were  undertaken  with  the  object  of  acquiring  data  and  putting 

the  results  into  SO  workable  a  form  that   it   would  be  .»  compute 

the  quantity  of  water  delivered  by  a  ooule  of  the  irdinarily  u 

in  tin-  fire  protection  of  the  interior  of  buildings  or  to  compute  the 
pressure  necessary  in  the  main-  to  give  an  effective  fire  stream  from 
such  nozzle-,  and  also  to  throw  some  light  upon  the  quantity  of  w 
which  would  be  considered  sufficient  for  temporary  protection. 
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ducted  at  the  University  of  Illinois  under  the  direction  of  the  writer 
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experiments  were  carried  on  in  the  Hydraulics  Laboratory. 
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VIII.     Apparatus  and  Method  of  Experimeni 

20.  Host  and  Nozzles.  Rubber-lined  cotton  hose  and  unlined 
linen  hose  having  a  Dominal  diameter  of  IH  in.  were  used,  the  Length 
of  the  test  section  for  determining  the  losl  head  being  50  ft.  in  each 
case.  The  hose  taken  was  from  the  racks  in  the  University  buildings 
and  is  representative  of  hose  of  this  size  commonly  in  u- 

Three    l\-in.  conical  nozzles  having  different  of  openings; 

as  shown  in  Fig.  19,  were  tested.     The  first  nozzle  had  a  diameter  of 


\-inch  Nozzle 


Not  machined 
sjj' 

6' 


Reamed  out 


!k-fnch    Nozzle 


-£-v^ 


Reamed  ouf  smooth 
-Machined  smooth 

6*  1 

I ■'!<..   P.*.     Longitudinal  Sections  oi    Nozzles  Tes 


in.  The  second  nozzle  had  a  diameter  of  0.  }_N  in.,  which  is  ap- 
proximately 7k,  in.,  and  in  compiling  the  tables,  corrections  were  made 
so  as  to  apply  to  a  :i-,-in.  nozzle.    The  third  nozzle  had  a  diameter 

of  'j  in.     The  ",,,-in.  nozzle  was  L2  iii.  long  while  the  other  two  w 

only  li  in.   Ion.  Fig,   P.)  .      The     ,,-in.  and  the  7,,-.-in.  nozzle-  w 

rough  on  the  interior  surfaces,  having  he.n  leii  just  a-  they  came 
from  the  mold-,  the  prints  of  the  -and  core  being  plainly  visible. 
The  tip-  had  been  smoothed  slightly  by  running  a  drill  through  the 
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opening,  but  the  cylindrical  portion  made  by  the  drill  was  very  short 
in  both  cases.  The  H-in.  nozzle  was  made  from  a  K6-in.  nozzle.  The 
entire  inner  surface  was  machined  smooth  and  a  K-in.  reamer  was  run 
through  the  opening  making  a  cylindrical  portion  XA  in.  long. 

21.  Method  of  Experimenting. — The  loss  of  head  was  measured 
over  a  length  of  fifty  feet  of  the  hose  by  means  of  a  differential  mercury 
gage.  The  average  pressure  at  a  section  of  the  hose  was  obtained  with 
a  piezometer  connection  or  coupling  of  the  Freeman  type.  A  cross- 
section  of  one  of  these  couplings  is  shown  in  Fig.  20.     The  discharge 


A->A 


Openings /0  "c//a/7r 

Sec  f /on  fh(9 


Fig.  20.     Cross-section  of  Piezometer  Coupling 


through  the  hose  when  determining  the  lost  head  in  the  hose  was  meas- 
ured with  a  calibrated  nozzle.  When  determining  the  coefficient  of 
discharge  for  the  nozzles  the  discharge  was  measured  by  weighing. 
The  pressure  at  the  base  of  the  nozzle  was  measured  with  a  calibrated 
pressure  gage. 

The  vertical  heights  attained  by  the  streams  were  determined  by 
means  of  a  transit  and  the  horizontal  distances  reached  were  found 
by  measuring  with  a  tape  from  stakes  which  were  driven  in  the  ground 
at  frequent  intervals  and  at  known  distances  from  the  nozzle. 
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IX.    Experimental  Results  and  De  on 

22.  Results  fro m  Freeman's  Experiments, — In  1888  John  K.  Free- 
man conducted  an  extensive  series  of  tests  upon  2H-ul  fire  hose  and 

nozzles.*  In  general,  Freeman  arrived  at  the  following  conclusion-: 
Smooth  conical  nozzles  give  coefficients  of  discharge  as  high  as  any 
other  form  of  nozzle,  the  jets  reach  farther  and  the  streams  remain 
solid  for  greater  distances  than  for  any  other  form  of  nozzle  of  the 
same  size  of  opening  and  with  the  same  pressure  at  the  base  of  the 
nozzle.  For  smooth  conical  nozzles  \ls  or  IH  in.  in  diameter;  a 
coefficient  of  discharge  of  0.977  may  be  taken  with  great  confidence 
that  it  will  not  be  more  than  one-half  of  1  per  cent  in  error.  The 
coefficient  will  be  slightly  larger  for  smaller  nozzles.  The  nozzle 
makes  a  very  convenient  method  of  measuring  water.  The  friction 
is  but  slightly  more  in  smooth  rubber-lined  hose  than  in  clean  iron  pipe 
of  the  same  diameter.  The  friction  in  unlined  linen  hose  is  about 
two  and  one-third  times  as  much  as  in  smooth  rubber-lined  hose. 
A  hose  elongates  from  2  per  cent  to  .">  per  cent  with  a  pre^ure  of  50 
lb.  per  sq.  in.  This  elongation  produces  a  sinuosity  which  incre; 
the  loss  of  head  about  0  per  cent.  Care  should  be  exercised  that 
there  is  no  abrupt  change  of  section  in  the  hose  coupling  and  that 
no  washers  or  Lr:i-kH-  are  so  left  as  to  impede  the  flow  of  water. 

It  is  frequently  recommended  that  a  250  gal.  per  mm.  fire  stream 
be  used  in  business  districts,  while  a  17.")  or  a  200  gal.  per  min.  stream 
may  be  used  in  a  residential  district.  These  discharges  correspond  to 
a  nozzle  pressure  of  40  to  50  li>.  per  sq.  in.,  and  a  hydrant  pressure  of 
80  to  110  lb.  per  sq.  in.  These  values  refer  in  outside  service.  Table 
7  givc<  data  tor  2H-in.  hose  an  1  ooisles  tor  three  different  sizes  of 
nozzle  openings  taken  from  Freeman's  results.  This  table  is  con- 
venient   for  making  calculation-   for  outside  Ore   protection. 

23.  Experimental  hntn.  Table  s  gives  the  more  important  data 
<>f  the  experiments  with  hose  and  oosales  herein  reported.  Values  are 
given  for  the  pressures  at  the  base  of  the  oosales,  the  discharges,  the 

lOflfl  <>f  head  in  the  boSC,  and  the  vertical  and  horizontal  distances  reached 

by  the  jet-.    Other  results  discussed  have  been  calculated  from  the 

data  in  this  table. 
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Table  7 

Freeman's  Results  for  1-in.  1^-in.  and  1^-in.  Nozzles  Attached 

to  23^2-in.  Hose 


1-inch  Nozzle 


Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Base  of 
Nozzle 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 
sq.  in. 

Gallons  per 
minute 

Lb.  per 

sq.  in. 

Lb.  per 
sq.  in. 

Feet 

Feet 

Feet 

20 
30 
40 
50 
60 
70 

132 
161 
186 
208 
228 
246 

5 
7 
10 
12 
15 
17 

10 
15 
20 
25 
30 
35 

35 

51 
64 
73 

79 

85 

37 
47 
55 
61 

67 

72 

77 
109 
133 
152 
167 
179 

13^-inch  Nozzle 


Pressure 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Base  of 
Nozzle 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  pfr 
sq.  in. 

Gallons  per 
minute 

Lb.  per 

sq.  in. 

Lb.  per 

sq.  in. 

Feet 

Feet 

Feet 

20 

L68 

8 

16 

36 

38 

80 

so 

200 

12 

25 

52 

50 

115 

10 

238 

16 

33 

65 

59 

142 

so 

266 

20 

41 

75 

66 

162 

60 

201 

24 

49 

83 

72 

178  J 

70 

:sn 

28 

57 

88 

77 

191 
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1  '  j-IV   H     NOZZLE 


Read  in 
100  Feel  of  H 

■  ical 

\t  of 
for 

Good  I  if 
Stream 

HorisontaJ  Distanee 

1 '.  i  -c  of 
-Nozzle 

Rubber 
Lib 

Unlined 

I. men 

:'or 
Good  I "in- 
irn 

Extreme 

Dp.; 

.•1 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  p»r 
sq.  in. 

Lb.  per 

sq.  in. 

1  ••  • 

90 

12 

: 

10 

83 

30 

Lfl 

54 

119 

40 

35 

51 

67 

148 

331 

31 

77 

70 

60 

363 

: 

85 

186 

no 

38 

91 

81 

200 

Tabli  8 

Results  of  Experiments  it  Universiti  o»  Illinois  with  "1(-,-in..  :l,-,-^- 

wi)  'j-iv.  Nozzles  Attached  po  i!_>-i\.  II 

•"  i  ,,-i\«  ii  Nozzle 


•  of 
tile 

:  in 
100 

\  >i  tieaJ 
Height  of 
•  for 
i  Fire 
Stream 

l  [orisontaJ  Distanee 

Rubber 
Lined 

Until 
Linen 

for 
(  rood 

MB 

I  )r<>; 

.•1 

issle 

Lb    : 

in. 

( ralloi 

minute 

Lfa     : 

in. 

FT 

in. 

30 

»«• 

80 

IJ 
15 

17 

21 

.7 
1    1 

I  s 

i  a 

1  a 

l  o 

t  s 

38 

in 

15 

is 
21 

81 

71 
7^ 
M 

102 
107 
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>  16-inch  Nozzle 


sure 

Base  of 
Nozzle 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Rubber 
Lined 

LTnlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  per 

sq.  in. 

Lb.  per 

sq.  in. 

Feet 

Feet 

Feet 

20 
30 
40 
50 
60 
70 
80 
90 
100 

25 
30 
35 
39 
43 
47 
50 
53 
56 

2.8 

4.2 

5.6 

7.0 

8.5 

9.8 

11.1 

12.7 

14.1 

5.1 
7.7 
10.2 
12.8 
15.3 
17.8 
20.3 
22.9 
25.5 

23 
27 
30 
32 
33 
34 
35 
36 
37 

10 
13 
16 
18 
20 
21 
23 
24 
25 

45 
54 
63 
70 
77 
84 
94 
99 
106 

3^-inch  Nozzle 


Pressure 
Base  of 
Nozzle 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 
Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  per 
sq.  in. 

Lb.  per 
sq.  in. 

Feet 

Feet 

Feet 

20 
30 

10 

50 

70 

100 

3:5 
40 
46 
52 

',1 
65 

7.', 

5.2 
7.7 
10.2 
12.8 
15.4 
18.0 
20.5 
23.0 

9.5 
14.4 
18.8 
23.8 
28.5 
32.7 
38.4 
42.0 
47.0 

34 
37 
38 
39 
40 
41 
42 
43 
44 

15 
20 
25 
30 
33 
37 
40 
43 
46 

63 
79 
91 
102 
111 
120 
127 
134 
140 
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24.     Friction  Factors.— The  curves  of  Fig.  21   show  the  friction 
factors  for  each  kind  of  hose  used  and  for  velocities  in  the  hose  ranging 

.OS 

.07 

.06 

\ 

>  .05 
.O* 

los 
£.o^ 

jO/ 

o 


( 

v4 

Z'' 

^ 

yfo 

66* 

r-//, 

?<?& 

Co/-f-0r> 

/O 


Ke/oc/^y  in  /iose  -  ft  per  sec 


I"i<;.  21.    Diaghwi  Showing  Frictioh  V \>  vobb  m  Rubbeb-linkd  and 

r.M.iM.ii  ii 

from  4  to  8  ft.  per  sec.  These  curves  cover  the  range  of  velocities 
which  would  be  met  in  ordinary  use.  The  friction  factor /is  compute*  1 
from  the  formula 

A » head  lost  in  feet  of  wat.  r 

/  =  length  of  hose  in  feet 

d= diameter  of  boss  in  feet 

p= velocity  of  the  water  in  the  hose  in  feet  per  second 

q= acceleration  due  to  gravity  in  feet  per  second  per  second 

The  loss  of  bead  in  the  rubber-lined  boss  varies  almost  directly 

as  the  square  of  the  velocity  and  is  about  the  same  as  the  Io>s  of  h 
in  clean  iron  pipe  of  the  Bame  diameter.     The  friction  factor  for  the 
unlined  linen  boss  decreasee  a-  the  velocity  incn  \x  in  other  words 

the  loSB  <»f  head  doc-  not    vary  directly  a-  tic  square  of  the  velocity. 

the  ratio  of  the  losi  head  to  the  square  of  the  velocity  l>ein<j;  larger  for 

the  lower  velocities.  The  reason  that  the  friction  factor  for  unlined 
linen  boss  decreased  more  rapidly  with  the  velocity  than  does  that   for 

rubber-lined  cotton  boss  may  l"-  that  the  diameter  of  the  unlined  hose 
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is  increased  more  than  that  of  the  rubber-lined  cotton  hose  by  the 
increasing  pressures  which  accompany  the  increasing  velocities.  This 
would  make  the  value  of  d  larger  and  the  value  of  v  smaller  in  the  equa- 
tion for  /  than  was  actually  used.  It  is  probable,  furthermore,  that  the 
increasing  pressure  decreases  the  roughness  of  the  unlined  linen  hose 
more  than  it  does  for  rubber-lined  hose.  In  general  the  lost  head  in 
the  unlined  linen  hose  is  about  twice  as  great  as  in  the  rubber-lined 
cotton  hose.  If  an  average  value  of  the  friction  factor  (0.06)  is  used 
for  the  unlined  linen  hose,  no  great  error  will  enter  into  the  results 
under  ordinary  circumstances.  The  length  of  hose  will  ordinarily  not 
be  mose  than  100  feet  and  for  this  length  about  10  lb.  per  sq.  in.  will 
be  the  maximum  loss  of  head  in  the  unlined  linen  hose  under  working 
conditions  with  nozzles  giving  streams  up  to  M  in.  in  diameter.  An 
error  as  large  as  10  per  cent  in  the  calculation  of  the  loss  of  head  in 
the  hose  would  affect  the  nozzle  pressure  not  more  than  one  pound 
per  square  inch. 


JO      ^0    30    40     50    60     70    80     90 

Pressure  at3aseof/Yozz/e-/6pers<?Jn 


I'm;.  22.     Diagram  Showing  Coefficients  of  Discharge  of  Nozzles 

While  the  loss  of  head  in  the  unlined  linen  hose  is  about  twice  as 

at  as  the  loss  of  head  in  the  rubber-lined  hose,  the  linen  hose  has 

several  advantages.     It  is  much  lighter  to  handle,  folds  up  in  less  space 

on  the  wall  racks,  costs  only  about  50  to  60  per  cent  of  the  cost  of 

rubber-lined  hose  and,  in  an  ordinary  building,  its  life  is  much  longer. 


25.     Coefficients  of  Discharge. — The  coefficients  of  discharge  for 
each  of  the  three  sizes  of  nozzles  are  given  in  Fig.  22  for  pressures 
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at  the  base  of  the  nozzle  ranging  from  about   LO  to  85  lb.  per  sq.  in. 

This  range  of  pressures  corresponds  to  a  range  in  the  velocity  of  the 
issuing  jet  from  a  minimum  of  about  35  ft.  per  sec.  with  the  '_'-in. 
nozzle  to  a  maximum  of  about  185  ft.  per  sec.  with  the  v. -in.  nozzle. 
The  coefficient  of  discharge  is  the  ratio  of  the  measured  discharge  to 
the  ideal  discharge.  The  measured  discharge  was  weighed  and  the 
volume  computed  from  the  weights.  The  ideal  discharge  was  com- 
puted from  the  formula 

q=AJ2gh 
g= discharge  in  cubic  feet  per  second.  A = area  of  the  opening  of  the 
nozzle  in  square  feet,  g  =  acceleration  due  to  gravity  in  feel  per 
second  per  second,  ft = pressure  at  the  base  of  the  nozzle  in  feet  of 
water.  The  velocity  of  approach  to  the  nozzle  was  negligible  and 
was,  therefore,  not  considered  in  the  equation  for  the  ideal  discharge* 
The  pressure  at  the  base  of  the  nozzle-  was  measured  with  calibrated 
pressure  gages. 

The  coefficient  of  discharge  for  the  Ke-in.  and  the  H-m.  nozzles 
is  nearly  constant  for  all  pressures  and  averages  0.98.  The  coefficient 
is  slightly  lower  than  0.98  for  the  Ji6-in.  nozzle  at  the  higher  pressures. 
The  >'i6-in.  nozzle  gives  a  coefficient  of  0.95.  The  £i6-in.  nozzle  is  12 
inches  Long  while  the  other  two  are  only  6  inches  long,  and  this  greater 
length  adds  somewhat  to  the  friction  and  lowers  the  coefficient  of 
discharge  for  the  %6-in.  nozzle. 

The  ^iG-in.  and  the  7iV,-in.  nozzles  were  rough  on  the  interior 
surfaces,  having  been  left  just  as  they  came  from  the  molds.  The 
tips  had  been  -mouthed  slightly  by  running  a  drill  through  the  opening, 
but  the  cylindrical  portion  made  by  the  drills  was  very  short  in  each 
case  and  the  nozzles  gave  streams  which  sprayed  badly  a  short  distance 
away.  The  '..-in.  nozzle  was  mad.-  from  a  Jie-in.  nozzle.  Tin-  entire 
inner  surface  W8S  firsi    machined  out    in   hopes  thai    it    would  prevent 

the  spraying  of  the  jet.  but  the  nozzle  gave  a  stream  which  appeared 
no  better  than  before  machining.  Then  a  '--in.  reamer  and  finally 
a  'j-in.  reamer  were  run  through  the  opening,  each  reducing  the  spray- 
ing.     The    'j-in.   reamer  made   the  cylindrical   portion   of  the  opening 

'j-'m.  long,  and  the  resulting  nozzle  gave  a  very  good  stream.  An 
opening  larger  than  '.--in.  could  noi  be  made  in  the  nozzle  because 
of  the  thinness  of  the  walls. 

26.  //';////  and  Horizontal  Distant*  of  Jets.  The  heights  and  the 
horizontal  distances  reached  by  the  jet-  from  each  of  the  tin  lies 
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used  are  given  in  Table  8.  As  stated,  the  vertical  heights  were  meas- 
ured by  means  of  a  transit  and  the  horizontal  distances  were  measured 
with  a  tape^fronTstakes  which  were  driven  in  the  ground  at  frequent 
known  space  intervals.  The  observations  were  made  when  a  moderate 
wind  was  blowing  which  interfered  with  the  streams  considerably.  A 
stream  was  considered  good  for  the  distance  in  which  practically  all  the 
water  "would  pass  through  a  circle  whose  diameter  was  18  inches. 
The~value  was  an  arbitrary  selection  and  the  streams  might  be  con- 
sidered by  some  as  effective  for  greater  distances  than  those  given  in 
Table  8.  The  streams,  however,  beyond  the  sections  chosen,  diverged 
rapidly  and  the  selection  of  a  circle  larger  than  18  inches  would  have 
added  but  a  few  feet  to  the  distances  given  in  Table  8  in  any  case. 

27.  Effect  of  Cylindrical  Tip. — The  tests  show  clearly  the  impor- 
tance of  a  smooth  cylindrical  opening  at  the  tip  of  the  nozzle.  A  com- 
parison of  the  results  of  the  tests  on  the  K6-in.  and  the  K-in.  nozzles 
for  vertical  heights  and  horizontal  distances  of  the  jets  will  show  this 
difference.  In  the  case  of  the  JlVin.  nozzle  with  a  pressure  of  30  lb. 
per  sq.  in.  at  the  base  of  the  nozzle  the  vertical  height  of  the  jet  was 
27  ft.  as  compared  with  37  ft.  for  the  [3^-in.  nozzle  for  the  same  pressure. 
Likewise  the  horizontal  distance  reached  with  the  K6-in.  nozzle  was 
13  ft.  as  compared  with  20  ft.  with  the  K-in.  nozzle.  Similar  com- 
parisons may  be  made  for  other  pressures  at  the  base  of  the  nozzle. 
The  appearance  of  the  jets  showed  a  much  greater  difference  than 
the  data  would  indicate.  It  must  be  remembered  that  the  two  nozzles 
were  alike  and  gave  streams  which  appeared  to  be  the  same  before 
one  was  reamed  out  to  a  larger  size. 

It  will  be  noted  also  that  in  the  case  of  the  %6-in.  nozzle  for  a 
pressure  of  30  lb.  per  sq.  in.  at  the  base  of  the  nozzle,  the  vertical  and 
horizontal  distances  reached  by  the  stream  were  respectively  32  and 
18  ft.,  which  indicate  that  the  improvement  in  the  carrying  capacity 
of  the  3^-in.  nozzle  over  that  of  the  K6-in.  nozzle  was  not  due  to  the 
smoother  condition  of  the  interior  surface  of  the  K-in.  nozzle,  but 
rather  to  the  effect  of  the  cylindrical  tip.  The  condition  of  the  interior 
surface  of  the  nozzle  to  within  one-half  inch  of  the  end  does  not  seem 
to  affect  appreciably  either  the  quantity  of  discharge  or  the  quality 
of  the  stream. 

[1    seems  important,  therefore,  that  the  tip  of  the  nozzle  should 

lined  out  for  a  distance  of  at  least  lA  in.  in  order  to  obtain  a  good 

fire  stream.     It  is  probably  true  also  that  for  nozzles  somewhat  larger 
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than  those  used  in  these  experiments  the  length  of  the  cylindrical 
portion  should  be  more  than  }  ■>  in.,  perhaps  equal  to  the  diameter 
of  the  issuing  stream. 

28.  Requirements  for  Temporary  Fire  Protection  for  the  Interior 
of  Buildings. — Small  fire  hose  and  nozzles  should  be  used  as  a  tem- 
porary protection  and  brought  into  play  until  greater  relief  is  at  hand. 
They  must  necessarily  operate  under  ordinary  working  pressures  in 
the  mains  more  often  than  under  fire  pressures.  With  40  lb.  per 
aq.  in.  as  an  average  pressure  in  the  mains,  there  should  be,  after 
deducting  for  losses  in  the  hose  and  connecting  pipes,  about  30  lb. 
per  sq.  in.  at  the  nozzle.  This  pressure,  of  course,  would  be  still 
further  reduced  if  the  nozzle  used  was  at  a  higher  elevation  than  the 
main.  With  a  nozzle  pressure  of  30  lb.  per  sq.  in.  the  H-in.  nozzle 
will  discharge  40  gal.  per  min.,  the  TiVin.  and  the  ^i6-in.  nozzles  will 
discharge  30  and  15  gal.  per  min..  respectively.  It  is  felt  that  the 
discharge  from  the  two  smaller  nozzles  is  not  great  enough  for  effective 
work.  It  is  true  that  the  pressure  at  the  nozzle  for  the  smaller  sizes 
with  a  given  pressure  in  the  main  will  be  somewhat  greater  than  for 
the  '.-in.  nozzle,  because  of  the  decreased  velocity  in  the  hose  which 
will  give  a  smaller  loss  of  head,  but  this  difference  in  pressure  will  not 
be  enough  to  increase  the  discharge  materially  for  an  ordinary  length 
of  hose.  The  discharge  from  the  Ko-in.  nozzle  is  too  small  to  be  very 
effective  even  at  higher  pressures.  The  discharge  for  a  pressure  of 
100  lb.  per  sq.  in.  is  but  28  gal.  per  min.  It  is  recommended  that 
'.'-in.  nozzles  be  used  with  l'-j-in.  hose.  For  nozzles  larger  than  H 
in.,  the  discharge  would  become  greater  and  increase  the  loss  of  head 
in  the  hose  to  such  an  extent  that  there  would  not  be  enough  nozzle 
pressure  left  to  produce  a  stream  which  would  carry  a  sufficient  distance. 

With  the  aid  of  the  tables  the  discharge  for  any  of  the  nozzles 
may  be  readily  computed  for  any  pressure  in  the  mains.  If  the  nozzle 
ifl  at  a  higher  elevation  than  the  main,  subtract  from  the  pressure  in 
the  main  an  amount  equal  to  0.434  limes  the  difference  in  elevation  in 

between  the  nozzle  and   the  main.     Take  a  discharge  from   the 

table  for  any  pre— ure  at  the  base  of  the  nozzle  for  the  -ize  of  nozzle 

!.  then  take  the  Corresponding  value  of  the  head  lost  in  the  kind  of 

bote  used,  multiply  this  value  by  the  length  of  hose  in  feet  used  and 

divide   by    LOO.      The   result    gives    the   total    loSfl   in    the   ho-.'    for   the 

a— umed  discharge.     If  there  ifl  any  connecting  pipe,  the  loss  in  it  will 
be  the  same  m  the  losi  in  a  corresponding  Length  of  rubber-lined  ho 


58  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

Add  the  losses  in  the  pipe  and  hose  to  the  pressure  at  the  base  of  the 
nozzle  for  the  assumed  discharge  to  obtain  the  pressure  in  the  main 
(corrected  for  the  difference  in  elevation)  necessary  to  produce  this 
discharge.  The  discharge  will  vary  as  the  square  root  of  this  pres- 
sure. Letting  q'  =  the  assumed  discharge,  P'  =  the  pressure  in  the  main 
(corrected  for  the  difference  in  elevation)  which  will  produce  this  dis- 
charge, g  =  the  discharge  to  be  determined,  P  =  the  actual  pressure  in 
the  mains  and  H  =  difference  in  elevation  between  the  nozzle  and  the 
main  in  feet  gives  the  relation 


'  =  ff'\| 


P-OAMH 


V 

which  gives  the  required  discharge. 

To  illustrate  the  use  of  the  formula  the  following  assumptions  are 
made.  Pressure  in  mains,  P  =  60  lb.  per  sq.  in.,  80  ft.  of  linen  hose, 
50  ft.  of  13^-in.  connecting  pipe,  elevation  of  nozzle  above  main  30  ft. 
and  M-in.  nozzle  used. 

Assume  a  discharge  of  46  gal.  per  min.  and  from  the  table  the 
following  values  are  obtained: 

Nozzle  pressure  =40 

T        .    .  80X18.8     tK  n 

Loss  in  hose  =  — r^ —  =  15.0 

50X10.2      _  1 
Loss  in  pipe  =  — z-jSn —  =    ' 


Total     =  P'  =  60.1 

Substituting  in  the  formula 

<?  =  40.7  gal.  per  min. 

The  following  method  may  be  used  to  determine  the  discharge 
for  any  size  of  nozzle  for  any  pressure  in  the  mains.  Assume  any 
pressure  at  the  base  of^the  nozzle,  h',  in  feet  of  water.  The  discharge 
for  this  pressure  may  be  determined  by  the  formula 

q'  =  cA  yl2gh' 

(f  =  discharge  in  cu.  ft.  per  sec. 

c  =  coefficient  of  discharge  and  may  be  taken  as  0.98 
il=area  of  opening  of  nozzle  in  sq.  ft. 
2#  =  64.4  ft.  per  sec.  per  sec. 
Determine  the  velocity  in  the  hose  for  this  discharge  from  the 
formula 
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a 

v  =  velocity  in  hose  in  ft.  per  sec. 
a  =  area  of  hose  in  sq.  ft. 
Determine  the  loss  in  the  hose  from  the  formula 

'h~d2g 

/j2  =  head  lost,  in  feet 

f=  friction  factor  which  may  be  taken  as  0.03  for  rubber  lined 
hose  or  0.06  for  unlined  linen  ho- 

I  =  length  of  hose  in  feet 

d  =  diameter  of  hose  in  feet 

v  =  velocity  in  hose  in  ft.  per  sec. 
20=64.4  ft.  per  sec.  per  sec. 

If  there  is  any  pipe  connecting  the  hose  to  the  main,  the  loss  for 
it  may  be  computed  by  the  same  formula  as  for  the  hose,  using  0.03 
for  the  friction  factor  for  Pj-in.  pipe.     Call  this  lost  head  h3. 

The  pressure  in  the  main  to  give  the  assumed  nozzle  pressure  is 

U>  =  h'  +  h2  +  h3 

Thia  pic— lire  will  be  in  feet  of  water.     Then  using  the  relation 


-'V* 


gives  the  required  discharge.     If  the  main  is  below  the  nozzle,  subtract 
the  difference  in  elevation  in  feel  from  //  in  the  formula. 

It  is  recognized  thai  this  method  is  not  strictly  accurate  since  the 
head  does  not  vary  exactly  as  the  square  of  the  discharge,  but  the 
ilta  obtained  will  be  close  enough  for  practical  use. 

Summary.  The  following  brief  summary  Lb  given  as  applying 
t.»  small  hose  and  ooszlee  with  velocities  in  the  hose  ranging  from  about 
1  to  s  ft.  per  sec.  and  with  pressures  a1  the  base  of  the  nozzle  ranging 
from  about  lo  to  s">  lb.  per  sq.  in. 

1        The  friction  factor  {J  in  the  equation  tor  the  losi    head. 

h  =/  -7 .,   )  for  rubber-lined  hose  varies  but  little  with  the  velocity 

in  the  boee"  and  ifl  nearly  the  same  as  for  clean  iron  pipe  of  the  same 

diameter. 
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(2)  The  friction  factor  for  unlined  linen  hose  decreases  as 
the  velocity  increases.  In  general  the  loss  of  head  in  unlined  linen 
hose  is  about  twice  as  great  as  in  rubber-lined  hose  of  the  same 
diameter  and  for  the  same  velocity. 

(3)  The  nozzle  should  have  a  smooth  cylindrical  tip  at  least 
one-half  inch  long  to  keep  the  jet  from  spraying.  A  cylindrical 
tip  is  a  much  more  important  factor  in  securing  a  good  fire  stream 
than  a  smooth  surface  in  the  interior  of  the  nozzle. 

(4)  Nozzle  openings  commonly  in  use  to  supply  fire  streams 
in  the  interior  of  buildings  seem  too  small  for  adequate  temporary 
fire  protection.  It  is  recommended  that  a  nozzle  with  a  M-in. 
opening  be  used  with  a  l>£-in.  hose  in  order  to  secure  a  sufficient 
quantity  of  water  for  an  effective  fire  stream. 

(5)  The  coefficient  of  discharge  of  a  small  conical  nozzle 
varies  but  little  with  the  velocity  and  is  close  to  0.98.  The  value 
of  0.95  obtained  with  the  2iVin.  nozzle,  which  was  12  in.  long  as 
compared  with  6  in.  for  the  other  nozzles  tested,  indicates,  how- 
ever, that  the  nozzle  should  be  short  to  obtain  the  value  of  0.98. 
A  cylindrical  tip  on  the  nozzle  seems  to  have  little  influence  on 
the  coefficient  of  discharge. 
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Part  IV 
THE   ORIFICE   BUCKET   FOR   MEASURING    WATER 


X.     Introduction 

30.  Purpose. — The  purpose  of  Part  IV  is  to  describe  a  method 
of  measuring  water  by  means  of  a  simple,  portable,  and  inexpensive 
device,  here  called  an  orifice  bucket,  and  to  present  experimental  data 
applying  thereto  for  a  range  of  conditions  sufficient  to  indicate  that 
the  device  is  reliable  for  use  in  engineering  practice.  An  orifice  bucket 
is  a  cylindrical  vessel  into  which  water  to  be  measured  falls  vertically 
and  passes  out  through  a  number  of  holes  or  orifices  in  the  bottom. 
A  vertical  glass  tube  placed  just  outside  the  bucket  is  connected  to  the 
sides  of  the  bucket  near  the  bottom,  and  the  height  of  the  water  in 
the  tube  indicates  the  head  on  the  orifice. 

The  orifice  bucket  was  devised  for  the  purpose  of  measuring  the 
discharge  of  several  artesian  wells  pumped  by  means  of  air  lift,  the 
water  from  each  of  which  discharged  into  a  separate  cistern  or  small 
reservoir  through  a  vertical  pipe.  In  each  case  the  water  left  the  pipe 
with  considerable  blast  and  momentum.  Several  possible  methods 
for  the  measurement  o!  the  discharge  were  considered  but  were  thought 
to  be  impracticable  for  various  reasons  or  inapplicable  for  the  particular 
case.  After  some  preliminary  laboratory  experimenting  an  orifice 
bucket  was  devised  which  Berved  very  satisfactorily  in  detennining  the 
discharge  from  each  of  the  wells.     It  was  at  first  feared  thai  the  water 

would  cuter  the  bucket  with  BUCh  a  blast  that  entrained  air  would  (Miter 

the  vertical  glass  tube  and  cause  trouble  in  detennining  the  height  of 

water  in  the  bucket.     There  was,  however,  no  trouble  from  this  CS 

and  the  fluctuations  of  the  water  level  in  the  glass  tube  offered  no  seri- 
ous  difficulties. 

The  orifice  bucket  has  also  given  satisfaction  in  tests  made  to  deter- 
mine yields  of  well  pumps  of  tin1  reciprocating  type.     It  should  give 
itory  results  in  the  field  where  simplicity  of  construction  and 

portability  are  desirable  and   where  extreme  accuracy   is  not  of  great 

importance. 
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partment of  electrical  engineering,  in  connection  with  tests  on  electric 
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XI.     Apparatus  and  Method  of  Calibrating 

32.  Orifice  Bucket. — Fig.  23  shows  the  construction  and  dimen- 
sions of  one  of  the  first  orifice  buckets  used  in  the  experiments,  and 
Fig.  24  shows  the  bucket  in  use.     This  bucket  weighed  23  lb. 

As  previously  stated  an  orifice  bucket  is  a  cylindrical  vessel  having 
holes  or  orifices  in  its  bottom  and  into  which  water  to  be  measured 
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falls  vertically,  the  head  of  water  on  the  orifices  being  indicated  by 
the  height  of  the  water  in  a  vertical  glass  piezometer  tube  attached 
near  the  bottom  of  the  bucket. 

Fig.  25  shows  the  construction  of  the  most  elaborate  orifice  bucket 
which  has  been  used.  It  is  provided  with  a  short  tube  checker-work 
to  smooth  out  the  flow  of  the  water  on  its  way  to  the  orifices  in  the 
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Pic    24     Vii  u   Showing  Orifici    Hmkii  in  Use 
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bottom  of  the  bucket.  The  vertical  glass  tube  is  connected  to  a 
piezometer  chamber  or  ring  around  the  base  of  the  bucket,  pressure 
being  transmitted  to  the  piezometer  ring  through  a  large  number  of 
small  holes. 

The  orifice  bucket  may  be  adapted  for  the  measurement  of  water 
for  a  considerable  range  in  the  discharge  by  varying  the  head  on  the 
orifices  and  also  by  varying  the  number  of  holes  which  are  stopped  or 
plugged  with  corks  or  wooden  stoppers.  The  range  in  the  capacities 
of  the  orifice  bucket-  which  have  been  used  is  from  about  40  to  1000 
gal.  per  min. 

33.  Method  of  Calibrating  Orifice  Bucket. — In  calibrating  the  ori- 
fice bucket  it  was  hung  underneath  a  vertical  pipe  as  shown  in  Fig.  24. 
The  quantity  of  water  discharged  was  measured  with  a  6-in.  Venturi 
meter  in  most  of  the  calibration  tests  although  a  calibrated  measuring 
pit  was  used  in  some  of  the  tests  to  determine  the  volume  discharged 
in  a  given  time. 

With  a  given  number  of  holes  open,  the  flow  in  the  orifice  bucket 
was  regulated  by  means  of  a  valve  between  the  Venturi  meter  and  the 
bucket  until  the  height  in  the  bucket  remained  constant.  The  Venturi 
meter  reading  and  the  head  on  the  orifices  were  then  taken.  This 
procedure  was  repeated  for  several  different  heads  and  for  different 
numbers  of  orifices  open. 

Th  varying  the  conditions  of  flow  was  investigated  some- 

what. The  height  of  the  free  fall  of  the  water  from  the  inflow  pipe  to 
the  orifice  bucket  was  varied;  likewise  different  sizes  of  pipe  were  used 
giving  different  velocities  to  the  stream  entering  the  bucket.  The 
am  was  also  allowed  to  enter  near  to  one  side  of  the  bucket  instead 
enter.  1  different  groupings  of  the  open  orifices,  furthermore, 
were  tried,  and  different  methods  were  employed  in  attempting  to 
spread  or  distribute  the  inflowing  stream* 

In  using  the  orifice  bucket  it  is  necessary  to  estimate  the  average 
head  shown  in  ti  -  tube  because  there  is  some  fluctuation.    The 

amount  of  the  fluctuation  may  be  reduced  by  throttling  the  valve  in 

the  connection  of  the  glass  tube  to  the  orifice  bucket.  If  the  proper 
Conditions  are  observed,  then-  should  be  little  trouble  from  this  source. 

It  should  be  remembered  that  the  rate  of  discharge  is  proportional  to 

the  square  root  of  the  head  and  that  the  effect  of  the  error  which  might 
occur  in  the  head  reading  it-elf  is  thus  reduced  in  determining  the 
discharge. 
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XII.     Experimental  Data  and  Discussion 

34.  Fifteen-inch  Orifice  Bucket  Having  Fifty-six  Orifices. — Fig.  26 
shows  the  calibration  curves  for  the  15-inch  orifice  bucket  shown  in 
Fig.  23  and  24.  There  were  fifty-six  1-in.  holes  in  the  bottom  of  the 
bucket  giving  a  maximum  capacity  of  about  1000  gal.  per  min.  With 
all  the  orifices  open  the  rate  of  discharge  was  varied  from  about  600 
to  1000  gal.  per  min.  by  varying  the  head  from  about  %  ft.  to  2  ft. 
With  thirty-two  orifices  open  the  discharge  had  a  range  of  about  300 
to  600  gal.  per  min.  by  varying  the  head  from  about  V%  ft.  to  2.5  ft. 
In  closing  the  twenty-four  orifices,  corks  were  used  of  such  size  that 
they  projected  but  little  into  the  bucket.  It  was  found  that  in  filling 
the  orifices  a  symmetrical  arrangement  gave  somewhat  steadier  action, 
particularly  when  the  orifices  near  the  circumference  were  the  ones 
filled.     The  inflowing  stream  was  discharged  from  an  8-in.  pipe.     A 
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3-in.  pipe  was  also  tried  but  did  not  give  satisfactory  results,  on  account 
of  the  high  velocity  which  produced  an  extremely  agitated  condition 
of  the  water  in  the  bucket.  This  condition  may  be  overcome,  however, 
by  use  of  a  deflector  or  distributor]  such  aa  an  open  bag  or  sack  attached 
to  the  end  of  the  discharge  pip«'- 

The  rate  of  discharge  for  any  other  number  of  open  orifices  for  this 
bucket  may  be  obtained  from  the  equation 

g=12.8  Wr 

which  represents  fairly  well  the  relation  between  the  quantity,  q,  in 
gal.  per  inin.,  the  Dumber  of  orifices  open,  n,  and  the  head  in  the 
bucket,  h,  in  ft.  The  experiments  give  an  average  coefficient  of  dis- 
charge for  the  1-in.  orifices  of  this  bucket  of  about  0.63. 

Fiftcm-iftch  Orifice  Bucfot  liming  Only  Three  Orifices. — 
Fig.  27  shows  an  orifice  bucket  of  the  same  dimensions  as  the  one  just 
described  but  with  three  iron  tubes  about  1  in.  long  inserted  in  a  1-in. 
wooden  bottom.  It  was  provided  with  two  screens  through  which  the 
water  passed  on  its  way  to  t lie  orifices  in  the  bottom  of  the  bucket. 

Fig.  27  also  BhoWi  the  calibration  curves  for  this  orifice  bucket. 
It  will  be  QOted  that  the  discharge  ranges  from  about  35  to  115  gal. 
per  inin.  This  orifice  was  constructed  and  calibrated  for  immediate 
use  and  not  for  experimental  purposes.  The  calibration  curves  are  of 
value  in  indicating  the  reliability  of  the  orifice  bucket  under  a  rather 
wide  ranLr«'  in  the  details  <»i'  it-  oonstructioiL 

Twenty-inch    Orifia    Bucket   Having   Nineteen   Orifices. — An 

illustration   of   the   most    elaborate   orifice   bucket    used   in   the   experi- 
ment- i-  -hown   in   Fig.  25,   the  capacity  of  which   is  about    1000  gal. 
min.      It   contains  a  checkerwork  of  vertical  tubes  through  which 
the    water    flow-    in    passing    to    the   orifice-.      Th<  glass    which 

indicate-  the  head  on  the  orifi<  onnected  t<>  a  piezoniet er  ring  or 

chamber  around  the  base  of  the  bucket.      The  pressure  of  the  water  in 

the  bucket  is  transmitted  to  the  piezometer  chamber  through  a  large 

number  of  U-in.  holes.    The  bottom  of  the  bucket  consists  of    i.-in. 

boiler  plate  in  which  nineteen    l'\-in.  circular  hole-  are  drilled. 

The  calibration  curve-  for  this  orifice  bucket  are  shown  in  Fiur.  28, 

f6r  all  holes  open  and  tor  ten  hole-  open.      The  discharge  for  any  other 
number  of  orifice-  open  may  be  found  with  a  fair  degree  of  accuracy 

from  the  equation 
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q  =  32.7  nylJi 
in  which  q  is  expressed  in  gal.  per  min.,  n  is  the  number  of  holes  open, 
and  h  is  the  head  on  the  orifices  in  feet.     The  average  coefficient  of 
discharge  for  the  1%-in.  orifices  of  this  bucket  is  0.61. 

The  curves  in  Fig.  28  were  obtained  when  the  bucket  was  supported 
firmly  in  an  upright  position  with  the  stream  to  be  measured  discharging 
vertically  in  the  center  of  the  bucket  and  with  the  free  fall  into  the 
bucket  small.  The  velocity  of  the  inflowing  stream,  furthermore,  was 
not  high  (2  or  3  ft,  per  sec),  thereby  causing  but  little  agitation  of 
the  water  in  the  bucket.  Experiments,  however,  in  which  more  or  less 
variation  from  these  conditions  were  allowed  indicated  that  no  serious 
errors  resulted. 

37.  Conclusions. — The  conditions  under  which  the  discharge  of 
water  has  to  be  measured  are  so  varied  and  the  purpose  or  aim  in  deter- 
mining the  discharge  differs  so  much  in  different  problems  that  nearly 
any  one  of  the  many  common  methods  of  measuring  water  has  a  rather 
restricted  field  of  usefulness,  while  some  methods  apply  only  to  very 
special  conditions. 

The  orifice  bucket  is  designed  to  meet  rather  special  conditions. 
It  is  peculiarly  adapted  for  the  measurement  of  water  where  a  device 
which  is  portable  (light  weight  and  small  size),  simple  in  construction, 
and  low  in  cost  are  essential  features.     The  measuring  capacity,  more- 
over, covers  a  considerable  range.     The  orifice  bucket  is  particularly 
fitted  for  the  measurement  of  water  when  the  water  discharges  with 
considerable  blast  and  momentum  from  the  end  of  a  vertical  pipe,  in 
such  a  manner  that  the  spray  covers  the  entire  surface  of  the  water  in 
the  bucket,  as  in  the  case  of  air  lift  pumping.     When  so  used  the  orifice 
bucket  gives  results  which  should  be  correct  within  5  per  cent  if  the 
proper  precautions  are  observed  in  its  use,  as  is  shown  by  the  calibration 
curves,  and  correct  within  10  per  cent  for  the  more  unfavorable  condi- 
tions to  be  met  in  the  field.     The  highest  accuracy  is  obtained  when 
the  orifice  bucket  is  supported  rigidly  in  an  upright  position  with  the 
(Miter  of  the  discharging  stream  vertically  over  the  center  of  the  bucket. 
The  free  fall  of  the  water  should  be  as  small  as  possible  and  the  velocity 
of  the  water  as  it  enters  the  bucket  should  not  be  large,  unless  the  stream 
i-  distributed,  so  as  to  avoid  high  local  velocities  in  the  bucket.     The 
orifice  bucket,  however,  gives  very  satisfactory  results  even  when  there 
an-  considerable  deviations  from  these  desirable  conditions  and  renders 
a  »  for  which  other  measuring  devices  may  not  be  adapted. 
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TEST  OF  A  FLAT  SLAB  FLOOR  OF  THF  WESTERN  NEWS- 
PAPER UNION  BUILDINC 


1.  Preliminary. — This  bulletin  gives  the  results  of  I  I  made 
on  a  four-way  reinforced  concrete  flat  slab  floor  of  the  Western  News- 
paper Union  Building  in  Chicago  in  August  and  September,  1917. 
A  load  of  913  lb.  per  sq.  ft.  was  applied  over  four  pan-  The  build- 
ing, which  waa  nine  yean  old  at  the  time  of  the  test,  was  to  be  torn 
down  to  clear  the  site  for  the  new  Union  Passenger  Station;  the  op- 
portunity was  utilised  to  apply  a  test  load  much  greater  in  propor- 
tion to  the  design  load  than  had  been  used  in  previous  tests  of  bnild- 
ingB.  The  tc  carried  Car  enough  to  give  stresses  in  the  rein- 
forcing bars  and  concrete  markedly  higher  than  have  been  obtained 
in  other  building  tests.  The  information  on  the  action  of  the  slab  in 
its  various  parts  given  by  the  strain  measurements  has  an  important 
bearing  on  the  design  of  the  flat  slab  structure. 

2.  Arktiowh  <hjm<  nt. — The  test    was  made  as   investigative  work 

of  the  KngineeriiiLT  Kxperimenl  station  The  testing  work  was  done 
under  the  direct  supervision  of  Mr.  Qonnzrman.  He  and  Mr.  N.  B. 
K  ■;.  Associate  in  Theoretical  and  Applied  Mechanics,  acted  as 
oba  The  results  have  been  reduced  and  prepared  for  publication 

as  a  bulletin  of  the  Et  gineering  Experiment  Station. 

Acknowledgment  of  valuable  aid  received  in  carrying  out  the 

made.    The  Portland  Guam  Association  furnished  the  labor 

for  preparing  for  the  test  and  for  hauling  the  loading  material  and 

loading  and  unloading  the  floor.     The   1  POST!  LND  C 

Comtanv  d  in  making  arrangements  and  jrave  qos  OO  the 

The  pig  iron  used  for  loading  material  was  lent   by  tie'   Ii.i.r. 

ighl  on  the  pig  iron  was  borne  jointly  bj 

the  P    •  ■  ilvania  Railboad  and  the  Pobtland  Cemj 

Opportunity  to  asc  the  building  for  the  purpose  of  tl  was  given 

( Hi'  •  (  Vmiwny  ;  the  t<  made  at  the 

suggestion  of  A.  J.  Bammond,  Prineipal  Assistant   Bngineer.    The 

ded  an  assistant  for  tracing  and  cheeking 
the  material. 
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3.  The  Building. — The  Western  Newspaper  Union  Building 
was  an  eight-story  reinforced  concrete  structure  located  at  Clinton 
and  Adams  Streets,  Chicago.  The  building  was  erected  in  the  spring 
of  1909  by  the  George  Hinchcliff  Company,  contractors,  according  to 
plans  furnished  by  S.  N.  Crowen,  architect,  and  Ritter  and  Mott,  en- 
gineers. It  had  been  in  use  by  a  printing  company  until  1916.  The 
floor  tested  had  been  occupied  by  printing  presses.  Fig.  1  is  a  view 
of  the  building  at  the  time  of  the  test;  the  wrecking  of  the  building 
had  begun. 

Two  tj^pes  of  floor  construction  were  used  in  the  building.  The 
first  five  floors  were  slab  and  girder  type;  the  sixth,  seventh,  and 
eighth  floors  were  Turner  mushroom  flat  slab  type  (four- way  rein- 
forcement). The  floors  of  the  building  were  divided  into  panels  17 
ft.  Dy2  in.  by  19  ft.  4%  in.  The  test  was  made  on  the  sixth  floor.  This 
floor  was  designed  for  a  live  load  of  250  lb.  per  sq.  ft.  and  was  nominal- 
ly 8%  in-  thick.  A  considerable  variation  in  thickness  was  found,  the 
measured  thickness  over  the  test  area  ranging  from  7.5  to  9.8  in.  Fig. 
3  gives  the  thickness  of  the  floor  at  a  number  of  places  as  determined 
by  readings  with  an  engineer's  level.  In  general,  the  thickness  was 
greater  away  from  the  columns  than  in  the  vicinity  of  the  columns. 
The  interior  columns  were  octagonal  in  form,  24  in.  in  short  diameter 
below  the  floor  tested  and  21  in.  in  short  diameter  above  it.  The  inside 
diameters  of  the  hooping  of  the  columns  on  the  fifth  and  sixth  floors 
are  given  on  the  plans  as  21  in.  and  18  in.,  respectively.  The  column 
capitals  were  pyramidal ;  the  short  diameter  at  the  top  of  the  capital 
was  54  in.  The  building  plans  called  for  15  %-in.  round  bars  in  each 
of  the  four  bands  of  reinforcement  in  the  floor  slab  and  indicated  that 
over  most  of  the  columns  in  the  test  area  there  were  laps  in  certain 
bands.  After  the  test  was  made,  the  floor  was  broken  into  and  the 
location  and  extent  of  all  laps  and  the  position  of  reinforcing  bars 
with  respect  to  the  surfaces  of  the  slab  were  found.  Fig.  4  shows  the 
arrangement  of  the  reinforcement  found  over  the  test  area,  including 

position  of  the  laps.  In  several  places  the  arrangement  of  rein- 
forcement differs  from  that  given  in  the  building  plans.  In  three 
places  in  rectangular  bands  the  reinforcement  for  positive  moment  was 
double  that  given  on  the  plans  (30  bars  instead  of  15).  The  lapping 
of  bars  at  columns  was  generally  greater  than  that  indicated  on  the 
plans.    At  coin 'iin  15  three  bands  were  lapped;  at  columns  14,  16,  21, 

27,  and  28,  two  bands;  and  at  columns  22  and  23,  one  band.  In 
mo  .  the  length  of  lap  and  its  position  were  such  that  the  extra 
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metal  was  effective  in  regions  of  greatest  moment.  In  some  cases  the 
laps  were  poorly  arranged,  as  at  columns  15,  16,  and  27.  No  reason 
is  apparent  for  the  lapping  of  bars  between  columns.  There  was  no 
reinforcement  for  negative  moment  in  the  region  midway  between 
columns.  The  ei*_rht  l^i-in.  column  rods  were  bent  out  into  the  slab, 
and  two  circumferential  ring  rods  (circles  of  5  ft.  6  in.  and  8  ft.  6  in. 
diameters)  rested  on  these  and  supported  t he  lower  layers  of  rein- 
forcing bars.     The  measurement  of  position  of  bars  with  respect  to 
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Thickness  of  Floor  in  Test  Amea 

the  lorfaee  of  the  slab  Bhowed  considerable  variation  .it  the  BeveraJ 
columns.  Tin*  method  of  lapping  was  qoI  always  the  same;  in  some 
cases  the  laps  of  a  given  band  were  not  at  the  same  level  at  column* 
15  and  l'l'.  for  example,  there  were  five  layen  of  :,^-in.  ban  besidee 
the  eirenmferentia]  and  bent-ooi  eolamn  ban.  At  the  oolnmne  the 
distance  of  the  oenten  of  the  ban  of  the  top  layer  from  the  apper 
■nrfaee  of  the  slab  varied  from  0.90  in.  to  2.00  in.,  and  thai  of  the 
lower  layer  from  3.60  to   LOO  in.     At   pointa  between  oolnmne  the 
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centers  of  the  bars  of  the  rectangular  bands  were  from  2.30  in  one 
case  to  4.20  in.  above  the  lower  surface  of  the  slab.  In  the  region  of 
the  center  of  the  panel  the  centers  of  the  lower  layer  of  diagonal 
bars  were  from  1.20  to  2.20  in.  above  the  lower  surface  of  the  slab. 

The  variation  in  amount  of  reinforcement  available  at  the  dif- 
ferent sections  of  the  slab  due  to  the  diversity  in  amount  and  position 


Fig.  4.     Arrangement  of  Reinforcement  in  Test  Area 


of  laps,  and  the  variation  in  depth  of  reinforcing  bar  and  thickness 
of  slab,  as  well  as  variations  in  the  quality  and  stiffness  of  the  concrete 
in  different  parts  of  the  loaded  area,  may  be  expected  to  cause  some 
lack  of  uniformity  in  the  stresses  and  deflections  at  points  similarly 
located  on  the  test  area. 

The  concrete  in  the  slab  was  1-2-4  mix;  in  the  columns  1-1-2  mix 
was  used.  The  coarse  aggregate  was  gravel.  At  the  time  of  the  test 
the  building  was  eight  years  old.  Pieces  of  the  concrete  were  cut  out 
from  the  floor  and  sawed  into  test  prisms  approximately  5  in.  square 
and  10  in.  Long;  one  face  of  the  prism  was  coincident  with  the  upper 
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surface  of  the  slab.  The  concrete  was  taken  from  parts  of  the  slab 
(indicated  in  Fig.  3)  which  had  not  been  highly  stressed  and  which 
was  relatively  free  from  reinforcing  bars  and  cracks.  The  results 
of  the  tests  are  given  in  Table  1.     The  strength  of  these  test  prii 

Table  1 
Compression  Tests  of  Concrete  Prisms 


men 

From 

Pam-1 

in 

Section 

lad 

sq.  in. 

Maximum 
Applied 

Load 
pounds 

ComLpreMive    ^°duf!u«of 

w  ■*£" 

•                    sq.  in. 
sq.  in.                  M       ' 

Al 

A  J 

A 

A 
A 

16.9 
16.8 

4.6  by  4.8 

22.1 
18   l 

71  000 
119  300 

3210 
5400 
5460 

4  500  000 

5  100  000 
4  800  000 

MM 

4  800  000 

Bl 

B 

B 

18.0 

15  ') 

6.5  by  4.5 

29.3 

• 

93  400 
:     100 

3190 

4  200  000 
3  500  000 

rage 

3385 

3  850  000 

Dl 
D2 

Da 

D 

I) 
I) 
I) 
I) 

16.0 

Ki  0 

4.5  by  3.0 

.    .5  1 

5.0  by  3.1 

13.5 

1.".   .' 

l.-,  :, 
1 1   i 

48  600 
12  S00 

• 

48  200 

8600 

3850 

4  600  000 
4  500  000 

3626 

4  550  000 

ranged  from  3190  lb.  per  Bq.  in.  in  panel  B  to  5460  lb.  per  sq.  in.  in 
panel  A.  and  the  initial  modulus  of  elasticity  from  3  500  000  to  5  100- 
000  lb.  per  s.j.  in.  When  the  floor  was  broken  up  after  the  test,  a 
noticeable  difference  was  found  in  the  quality  of  the  concrete  in  the 
four  tefll  panels.  The  concrete  in  panels  A  and  I)  appeared  much 
stronger  and  harder  than  that  in  panels  B  and  C.  That  in  panel  D 
was  very  hard. 

Steel  coupons  were  eul  from  reinforcing  ban  at  different  places 

in  the  tested  floor.    The  results  of  the  tension  testa  of  these  bars  are 

sn  in  Table  2.    The  ban  gave  an  average  yield  point  by  drop  of 

beam  of  63  600  lb,  per  sq.  in.  and  an  average  ultimate  strength  of 

KH  800  Lb.  per  sq.  in. 


L     ii>  Test.    The  method  of  testing  was  similar  to  that  used  in 
previous  buildings  V  -  described  in  Bulletin  No.  C>\  of  the  Qni- 

rity  of  Qlinois  Engineering  Experiment  station,  "Testa  of  Rein- 
forced Concrete  Buildinga  Under  Load."  The  loading  material  was  pig 
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Table  2 
Tension  Tests  of  Reinforcing  Bars 


Specimen 

No. 

Average 

Diameter 

inches 

Yield  Point 
lb.  per  sq.  in. 

Ultimate 

Strength 

lb.  per  sq.  in. 

Elongation 

in  8  Inches 

per  cent 

Reduction 
of  Area 
per  cent 

1 
2 
3 
4 
5 
6 
7 
8 
9 

.602 
.603 
.619 
.625 
.626 
.625 
.625 
.615 
.621 

66  800 

59  900 
69  100 
55  400 
64  000 
66  500 

64  900 

60  000 

65  700 

103  500 
96  200 

115  600 
86  700 

100  000 
115  000 

101  600 
99  000 

102  700 

17.2 
17.8 
17.8 
21.5 
16.2 
14.6 
15.1 
18.6 
16.9 

37.6 
34.0 
33.4 
48.0 
39.4 
45.3 
45.3 
45.3 
41.7 

Average 

63  600 

101  300 

17.2 

41.1 

iron.  The  pig  iron  was  hauled  from  the  freight  yards  to  the  building  in 
auto  trucks.  The  net  weight  of  each  truck  load  of  iron  was  obtained  by 
weighing  on  a  certified  scale  before  it  was  hauled  to  the  building.  At 
the  building  the  pig  iron  was  loaded  on  hand  trucks,  hoisted  to  the 
test  floor  by  means  of  an  electric  freight  elevator,  and  then  placed  on 
the  test  area  by  hand.  A  record  was  kept  of  the  number  of  truck  loads 
placed  on  each  panel  and  the  total  weight  on  each  panel  was  obtained 
from  the  truck  weights. 

The  load  was  applied  over  the  four  interior  panels  of  the  sixth 
floor.  Fig.  5  gives  the  location  of  the  panels  tested.  The  load  on  each 
panel  was  divided  into  quarters  by  means  of  aisles  6  to  8  in.  wide  ex- 
tending at  right  angles  to  each  other  along  the  center  lines  of  the 
panels  and  along  the  boundaries  between  panels.  The  space  occupied 
by  the  aisles  and  by  the  boxes  built  on  the  floor  to  afford  access  to  the 
gage  lines  amounted  to  17  per  cent  of  the  panel  areas.  The  final  load 
on  the  slab  was  913  lb.  per  sq.  ft.,  a  total  load  of  308  400  lb.  per  panel. 
Pig.  2  shows  the  full  load  in  place. 

Gage  lines  were  prepared  in  advance  of  the  test — 103  on  the  rein- 
forcing bars  and  75  on  the  concrete.  Fig.  6  and  7  show  the  location 
of  the  gage  lines  on  the  upper  and  lower  sides  of  the  slab.  To  insure 
reliability  of  initial  readings,  three  sets  of  strain  gage  readings  (and 
more  on  many  of  the  gage  lines)  were  taken  before  the  load  was  ap- 
plied. Strain  gage  readings  were  taken  at  loads  of  234,  425,  637,  855, 
and  913  lb.  per  sq.  ft.  of  panel  area.  In  each  case  except  for  the  first 
load  two  complete  sets  of  strain  readings  were  taken  on  the  reinforcing 
ban  and  tie-  concrete,  and  sometimes  more.  The  deflection  of  the  slab 
i  measured  at  20  points.    The  location  of  the  deflection  points  are 
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shown  in  Fig.  8.  The  appearance  of  cracks  was  also  noted.  Readings 
of  deformation  and  deflection  at  the  more  important  points  were  taken 
from  time  to  time  as  the  load  was  being  placed  on  the  floor. 

Readings  were  also  taken  three  days  after  tin*  maximum  load  had 
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Fig.  5.     Locatioi 


been  placed  on  the  floor  in  order  to  Lr«-t  information  <>n  the  time  effect 
of  the  load  upon  deformations  and  deflections.  Alter  the  removal  of 
the  load  readingi  wen  taken  to  find  the  amount  of  recovery  in  the 
floor. 
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The  test  area  was  chosen  where  there  would  be  the  least  effect  of 
floor  openings  and  where  the  building  plans  showed  laps  in  only  the 
rectangular  bands  over  the  column  in  the  center  of  four  panels.  In  a 
building  test  the  considerable  time  required  to  reduce  the  data  of  the 
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Fig.  6.    Location  of  Gage  Lines  on  Upper  Side  of  Slab 


readings  into  form  for  analysis  renders  it  necessary  to  restrict  the 
number  of  gage  lines  and  so  their  distribution  over  the  test  area  be- 
comes a  matter  of  importance.  The  gage  lines  in  this  test  were  placed 
with  a  view  of  getting  some  information  on  (1)  the  amount  and  dis- 
tribution of  the  stresses  in  the  reinforcement  along  sections  through 
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Fig.  7.     Location  of  Gage  Lin  ^idk  of  Si  KB 


the  panel  centers  And  throngh  the  panel  edges,  and  a1  other  points, 
(2)  tli<>  strain  in  the  concrete  at  the  more  important  points  in  the  slab. 
the  moment  of  resistance  accounted  for  by  the  uti  coses  in  1 1 1 « *  rein- 
forcing bars  u  hich  ci  hnmgh  the  panel  centers  and  through 
the  panel  edges,  and  [4  something  on  the  ntresses  in  columns  at  the 
.',li:« s  of  the  loaded  ares  due  to  bending  under  the  applied  load 
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8.    Load-deflection  Diagrams  and  Location  of  Deflection  Points 
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The  gage  lines  in  panels  A  and.  C  with  few  exceptions  were  laid  out 
in  duplicate  in  order  thai  readings  obtained  on  the  gage  lines  in  the  one 
panel  might  serve  as  a  check  on  readings  obtained  at  co r respond i ng 
gage  lines  in  the  other,  and  also  to  find  out  whether  there  was  similarity 
of  action  in  the  two  pail 

5.  Deflection  of  Sl<ih.  -The  deflections  of  the  slab  at  the  several 
deflection  points  are  plotted  in  Fig.  8,  the  diagram!  for  points  similar- 
ly located  being  grouped  together.  The  recovery  of  deflection  one  day 
after  the  load  was  removed  is  indicated  by  the  points  plotted  at  the 
bottom  of  the  diagram.  The  Becond  point  plotted  for  the  load  of  I 
lb.  per  sq.  ft.  is  the  deflection  16  hours  after  the  last  of  the  load  was 
applied  ;  the  second  point  for  the  load  of  855  lb.  per  sq.  ft.,  37  hours 
after  ;  the  Becond  point  for  the  load  of  913  lb.  per  sq.  ft.,  66  hours  after. 
Where  no  second  point  is  plotted,  the  change  in  deflection  was 
negligible. 

The  deflection^  at  the  irntris  of  panels  A.  B,  C,  ami  I)  under  the 
load  of  913  lb.  per  sq.  ft.  were  1.06,  1.12,  1.04,  and  0.87  in.,  respectively. 
It  may  be  QOted  in  this  connection  that  panels  C  and  I)  had  a  irreater 
amount  of  reinforcement  than  A  and  li  and  that  panel  I)  was  thicker. 
The  concrete  <>i'  panels  A  and  I)  was  of  unusually  good  quality. 

Of  the  deflections  at  the  middle  of  the  inner  edges  of  the  loaded 
panels,  that  at  point  8  3    was  considerably  greater  than  that  at 

point  16,  and  that  at  point  12  was  more  than  at  point  20.  The  dif- 
ference are  explainable  by  differences  in  quality  of  concrete  and 
in  amount  and  arrangement  of  reinforcement. 

At  the  outer  edges  of  the  loaded  area,  the  deflections  at  points  5 
and  9  were  considerably  greater  than  at  points  15  and  I8j  ami  the  de- 
flections at  points  2  and  11  were  greater  than  at  points  11  and  19 — 
the  same  circnmstances  explain  these  differences  in  deflections. 

It  may  be  noted  that  points  1  and  6  I  Pig.  B    distant  one-quarter 

of  the  panel  lengths  from  the  panel  ed.ires  ^ave  .t  measurable  deflec- 
tion. Point  7  (center  of  adjacent  pane]  remained  stationary  ami 
point  1  showed  an  apward  movement. 

Cnel         Blab,    it  was  noted  before  the  Load  was  applied 

that   tier.-  were  numerous  cheeks  in  the  upper  surface  of  the  slab  in 

the  regions  around  the  column  ami  along  the  panel  edges.  Host  of 
these  irere  evidently  surface  checks j  others  irerc  tension  Bracks  formed 
onder  previous  loads.    The  latter  opened  upon  the  application  of  load. 
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Fig.  9  gives  the  location  of  the  more  important  cracks  on  the  upper 
side  of  the  slab  which  either  opened  or  formed  under  the  test  load. 
These  cracks  were  all  open  cracks — much  more  marked  than  hair 
cracks.  Under  the  load  of  913  lb.  per  sq.  ft.  they  ranged  in  width  from 
0.02  to  0.06  in.  These  cracks  show  the  regions  of  high  tensile  stress  in 
the  top  of  the  slab.  The  main  cracks  at  the  columns  were  generally  at 
or  near  the  edges  of  the  column  capital ;  they  branched  out  to  join  the 
cracks  extending  along  the  panel  edges  between  the  columns.  The 
cracks  at  the  capitals  of  the  columns  bordering  the  loaded  area  were 


I3l4i 


s^vh  . 
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Fig.  9.     Location  of  Main  Cracks  in  Upper  Side  of  Slab 


fully  as  wide  as  those  at  the  capital  of  the  central  column.  The  cracks 
along  the  panel  edges  were  generally  as  pronounced  as  those  around  the 
capitals. 

Fig.  10  shows  the  location  of  the  more  important  cracks  on  the 
Lower  ride  of  the  slab  in  panels  A  and  C,  the  panels  in  which  the 
principal  tension  gage  lines  on  the  lower  side  of  the  floor  were  placed. 
In  panels  B  and  D,  in  addition  to  those  noted  in  the  figure,  there  were 
cracks  over  the  panels  in  positions  similar  to  those  noted  in  panels  A 
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and  C.  In  panel  D  the  cracks  were  not  so  wide  nor  so  numerous  as 
in  the  other  panels,  even  at  the  maximum  load.  Panel  B  had  larger 
and  more  numerous  cracks  than  the  other  panels.  Most  of  the  cracks 
on  the  lower  side  of  the  slab  were  found  in  bands  extending  in  rec- 
tangular directions.  In  a  small  area  at  the  panel  centers  cracks  ex- 
tended in  diagonal  directions.  No  cracks  or  checks  had  been  noted  on 
the  lower  side  of  the  slab  before  loading  was  begun.  The  first  hair 
cracks  here  were  observed  at  a  load  of  234  lb.  per  sq.  ft.  At  a  load  of 
425  lb.  per  sq.  ft.,  the  cracks  were  fairly  well  denned  and  for  higher 
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Fin.  10.     Location  en  Main  ("ha.  ks  in  Lowo  Side  of  Slab 

loads  they  gradually  opened  up  and  extended.    The  main  cracks  on 
the  Lower  Bide  of  the  Blab  did  aol  open  bo  macli  as  the  main  \  on 

the  apper  side  of  the  Blab.    The  construction  joinl  shown  in  Pig.  9  and 
10  o]  appreciably  tinder  the  application  of  Load. 

Dpon  the  removal  of  the  load  the  cracks  closed,  giving  the  Blab  an 
appearance  similar  to  thai  which  it  had  before  the  load  was  applied. 


7.     Load-strain  Diagrams.     In  Riga  11  to  IS  the  load-ctrain  dia- 
grams are  given  for  gage  lines  on  the  apper  and  lower  sides  of  the 
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/ooo 


Unit  Strain  -  in  per  in. 

Vv..    ]  1      Load-strain  Diagrams  for  Gage  Lines  on  Reinforcing  Bars  on  Upper 

Side  of  Slab 
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Unit  Stra/n  -  in.  per  in. 

Fig.  13.     Load-strain  Diagrams  for  Gage  Lines  in  Concrete  on  Upper  and 

Lower  Sides  of  Slab 
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slab.  In  these  diagrams  tensile  strains  are  plotted  to  the  right  and 
compressive  strains  to  the  left  of  the  axis.  Gage  lines  having  similar 
positions  on  the  floor  have  been  grouped.  Averages  of  the  several  read- 
ings were  used  in  computing  the  strains.  It  will  be  noted  that  for 
gage  lines  on  bars  in  the  upper  side  of  the  slab  the  diagrams  show  de- 
formations of  considerable  amount  at  the  load  of  234  lb.  per  sq.  ft;  the 
diagrams  for  gage  lines  on  bars  on  lower  side  show  markedly  smaller 
deformations.  For  loacK  greater  than  234  lb.  per  sq.  ft.  the  deforma- 
tions in  bars  on  the  lower  side  of  the  slab  increased  fairly  uniformly 
with  increase  of  load ;  it  has  already  been  noted  that  the  first  cracks  on 
the  lower  aide  appeared  at  this  load.  The  diagrams  for  gage  lines  on 
the  concrete  on  both  upper  and  lower  sides  of  the  slab  show  deforma- 
tions of  considerable  amount  at  the  first  load  and  a  fairly  uniform  in- 
crease in  deformation  for  higher  loads. 

8.  Stresses  in  Reinforcing  Bars  in  Upper  Side  of  Slab. — The 
stresses  in  the  reinforcing  bars  at  the  several  loads  may  be  computed 
from  the  strains  given  in  Fig.  11  and  12.  For  convenience  of  compari- 
son the  stresses  corresponding  to  the  strains  for  the  maximum  load 
(913  lb.  per  sq.  ft.)  are  given  in  Fig.  14.  The  values  shown  at  points 
around  the  columns  are  in  bars  at  the  upper  aide  <>f  the  slab ;  the  others 
are  in  bars  at  the  lower  side. 

For  bars  on  the  upper  side  of  the  slab  the  greatest  stresses  were 
found  at  gage  lint--  Located  on  diagonal  bars  at  the  edge  of  the  column 
capitals.  At  column  22  (the  central  column  of  the  loaded  area)  the 
stresses  in  diagonal  ban  over  tin*  «'.l-_r''  of  the  column  capital  ranged 
fr«.m  19200  to  57300  lb.  per  aq.  in.  The  nUouucu  in  diagonal  ban  at 
column  22  at  gage  lines  Located  some  distance  from  the  column  capital 
ranged  from  loOOO  to  34  500  lb.  per  aq.  in.    The  ntrcmnn  in  diagonal 

bars  at  the  columns  bordering  the  loaded  area  ranged  from  36600  to 

."> \  900  lb.  per  aq.  in.    In  general,  the  stresses  in  the  diagonal  bars  at 

the  columns  bordering  the  loaded  area  were  nearly  as  great   as  those 

observed    at    corresponding    gage    lines   at    the    central    column.      The 

3   given    do    not    include   the  stress   due   to   the  load  of  the  slab 

itself;  allowing  for  this,  it  is  apparent  that  the  yield  point  of  the  steel 
was  not  reached  in  r\(>w  the  moat  highly  d  ban. 

The  ^tresses  in  the  east  and  west   rectangular  band  at  column  22 
■  ■d   about    41   100   lb.   per  s.j.   in.      The  stresses   in   the   north   and 

south  rectangular  band  at  column  22  ranged  from  28  Too  lb.  per  aq.  in. 
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at  the  edge  of  the  column  capital  to  40  500  lb.  per  sq.  in.  at  gage  lines 
near  the  edge  of  the  band  on  either  side  of  the  column.  The  bars  in 
this  band  were  lapped  at  column  22,  the  bars  ending  about  80  inches 
north  and  south  of  the  column  center.  It  will  be  noted  that  at  gage 
lines  near  the  edges  of  the  rectangular  bands  the  stresses  were  greater 


>o° 


6400        S400 


3400 


23ioo  (   /:;>,   \£ioo 

D*'  J 


.1 

soo  r  \iy 


^q400 


J6000~?Z£)  J      '\V  34 SOO 

366QO?  <pp  \  4&5O0.f/d8OO Z 


t>°0C 


V 

/iooa 

££0O 


s/oo 


\ / 


>  Upper  Side 

>  Under  5ie/e 


\ / 


i-'ifi.  14.     Stresses  in  Keinforcing  Bars  in  Pounds  per  Square  Inch  at  Load  of 

913  Pounds  per  Square  Foot 


than  in  bars  at  the  middle  of  the  band.  In  bars  outside  the  loaded 
area  and  near  the  edge  of  a  rectangular  band  stresses  were  found  as 
great  as  0000  lb.  per  sq.  in.  It  is  evident  that  portions  of  the  slab  out- 
side the  loaded  area  contributed  measurably  to  the  resistance  developed 

in  the  slab. 
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9.  Stresses  in  B<  inferring  Bars  in  Lower  side  of  Slab. — On  the 
lower  side  of  the  slab  the  greatest  stresses  were  found  in  the  bars  of 
the  rectangular  bands  (Fig.  14).  At  the  maximum  load  stivers  from 
24  300  to  30  000  lb.  per  sq.  in.  were  observed  in  rectangular  bands  with- 
in the  loaded  area.  In  the  one  which  had  30  bars  instead  of  the  usual 
15,  stresses  from  18  000  to  21  000  lb.  per  sq.  in.  were  found. 

The  stresses  in  the  rectangular  bands  at  the  edge  of  the  loaded 
area  varied  from  5100  lb.  per  sq.  in.  in  a  bar  outside  the  loaded  area 
to  22  500  lb.  per  sq.  in.  in  a  bar  inside  the  loaded  area.  At  one  gage 
line  outside  the  loaded  area  and  near  the  edge  of  the  band  a  stress  of 
15  600  lb.  per  sq.  in.  was  found. 

The  stresses  in  the  diagonal  bands  in  the  region  of  the  center  of  the 

panels  were  smaller  than  those  in  bars  of  the  rectangular  bands  in 

region  between  columns.    The  stresses  in  diagonal  bars  at  gage  lines 

away   from    rectangular  sections   which   pass  through   panel   centers 

ranged  from  6300  to  18  300  lb.  per  sq.  in. 

The  effect  of  position  of  reinforcing  bars  with  respect  to  surface 
of  slab  on  the  stress  developed  is  discussed  in  another  place. 

10.  Strains  in  Concrete  at  Upper  Surface  of  Slab. — The  unit- 
strains  in  the  concrete  at  the  several  Loads  are  plotted  in  Fig.  13.  For 
convenience  of  comparison,  the  unit-strains  at  the  maximum  load  are 
recorded  in  Pig.  15.  The  values  for  points  around  tie'  columns  are 
for  gage  lines  on  the  lower  side  of  the  slab;  a  few  gage  lines  which 
cross  the  panel  edges  between  columns  arc  also  on  the  lower  side.  The 
remaining  gage  lines  are  on  the  upper  side  of  the  Blab. 

On  the  upper  Bnrface  of  the  Blab  the  greatest  compressive  strains 
re  found  at  gage  lines  along  the  inner  panel  edges  midway  between 
columns,  strains  from  0.00089  to  0.00097  in.  per  in.  were  observed 
at  these  gage  tines.  Assuming  a  modulus  of  elasticity  of  concrete  of 
4  000  000  lb.  per  sq.  in.  and  a  Btraight-line  stress-strain  relation  the 
stresses  in  tin;  concrete  corresponding  to  these  deformations  would  be 
:;.")»;o  and  3HS0  lb.  per  s<p  in.  Strains  as  great  as  0.00054  in.  per  in. 
(corresponding  -  in  the  concrete  on  the  assumption  just  given, 
0  li>.  pet-  sq.  in.)  were  found  at  gage  lines  at  the  panel  centers. 

11.  Strains  in  Concnt,   at  I  Of  Blab.      The  greatest 

tins  in  concrete  on  the  Lower  surface  of  the  slab  were  found  c 

edge  Of  the  capital  of  .'(,11111111  22.     The  strain-  at   this  eolunm  at 
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the  diagonal  gage  lines  (see  Fig.  15)  ranged  from  0.0012  to  0.0016  in. 
per  in.  at  the  inaxinmm  load.  These  strains  are  as  great  as  the  strains 
which  were  found  at  failure  in  the  tests  of  the  concrete  prisms  cut  from 
the  slab ;  they  represent  the  range  in  deformation  at  the  ultimate  load 
usually  found  in  compression  tests  of  concrete.    Spalling  or  chipping 
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Fig.  15.     Unit-strains  in  Concrete  at  Load  of  913  Pounds  per  Square  Foot 

of  the  concrete  surface  was  plainly  visible  near  the  edge  of  the  capital 
of  column  22  in  panel  A.  At  rectangular  gage  lines  near  the  capital  of 
this  column  a  strain  in  the  concrete  of  0.0014  in.  per  in.  was  observed. 
These  high  deformations  indicate  that  the  concrete  near  the  capital  of 
column  22  was  highly  stressed  and  that  at  certain  gage  lines  it  was 
Pressed  to  its  ultimate  strength,  the  action  of  the  surrounding  con- 
crete preventing  its  complete  failure. 
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Near  the  edges  of  the  capitals  of  columns  bordering  the  loaded 
area  strains  from  0.00054  to  0.0011  in.  per  in.  were  observed  at  di- 
agonal gage  lines,  and  strains  from  0.00044  to  0.00081  in.  per  in.  at 
rectangular  gage  lines.  With  a  modulus  of  elasticity  of  concrete  of 
4  000  000  lb.  per  sq.  in.  the  stresses  corresponding  to  these  strains 
would  range  from  17G0  to  4400  lb.  per  sq.  in. 

At  the  gage  lines  crossing  the  inner  panel  edges  at  a  section  of 
negative  moment  between  columns  1~>  and  22,  compressive  strains  about 
one-half  those  found  near  the  column  capital  were  observed  at  the 
lower  loads,  even  though  there  was  no  tension  reinforcement  in  the 
upper  side  of  the  slab  in  this  region.  For  the  highest  load  when  the 
concrete  at  the  capital  had  begun  to  crush  there  was  a  relatively  great 
increase  in  the  strains  in  this  middle  region,  a  value  as  great  as  0.0012 
in.  per  in.  being  found. 

It  should  be  noted  that  there  were  compressive  strains  of  some 
amount  in  regionfl  of  negative  moment  outside  the  loaded  area. 

12.  Influence  of  Posit ion  of  Bar. — The  stresses  in  Fig.  14  are 
given  without  reference  to  the  position  of  the  bar  with  respect  to  the 
surface  of  the  slab  and  without  reference  to  its  position  in  the  band. 
It  may  be  expected  that  the  stresses  in  the  several  layers  of  bars  will 
vary.  The  average  depths  of  the  layers  of  bars  at  the  edge  of  the 
capital  of  column  22  ranged  from  0.90  in.  below  the  upper  surface  of 
the  slab  for  the  upper  layer  to  3.65  inches  for  the  lower  layer.  At  this 
column  the  layers  of  bars  in  the  order  of  their  position  with  respect 
to  the  upper  surface  of  the  slab  were  as  follows:   (1)   north  and  south 

tangular  bars    one  Lap  ,  (2  I  diagonal  bars  running  to  north* 
3    easl  ami  wesl  rectangular  bars,  (4)  diagonal  bars  running  north- 
5    north  and  south  rectangular  bars  (second  lap),  (6)  circum- 
•ntial  ring  bars,  (7)  radial  column  bars.     (See  Pig.  20.) 

The  strains  in  steel  and  concrete  at  gage  lines  near  the  capital  of 
column  22  for  the  load  of  913  lb.  per  sq.  ft.  have  been  plotted  In  Pig,  16 
to  show  the  position  of  the  neutral  axis  for  the  various  layers  of  bars 
on  which  readings  of  deformation  were  taken.  The  strains  found  at 
gage  lines  5  and  17  are  markedly  smaller  than  those  found  at  t*age 

linM   B,  ''.  20,  and  L'L'A   which   were   placed  On   bars  of  the  same  layer. 
Gage  line  22A,  like  «ra«re  lines  ."»  and  17.  was  placed  over  the  edge  of 
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the  capital  and  it  will  be  noted  that  the  deformation  found  at  this  gage 
line  is  more  in  harmony  with  the  deformations  found  at  other  gage 
lines  on  bars  of  the  same  laver  than  are  the  deformations  at  5  and  17. 


Un/f  Stra/n  in  5teei-/nperin. 

\ 

-H 


i/nii  Strain  in  Concrete  -/h.per  in. 

Fig.  16.    Position  of  Neutral  Axis  for  the  Several  Layers  of  Bars  at 

Column  22 


No  reason  for  the  markedly  smaller  value  in  gage  lines  5  and  17  is 
apparent.  For  the  gage  lines  other  than  5  and  17  the  position  of  the 
neutral  axis  with  respect  to  the  under  side  of  slab  ranged  from  0.43 
to  0.46  of  the  effective  depth  of  the  several  layers.  The  value  of  j 
(which  represents  the  ratio  of  the  distance  Between  the  bar  and  the 
troid  of  compressive  stresses  to  the  distance  between  the  bar  and 
the  face  of  the  slab)  for  these  bars  is,  therefore,  about  0.85.  The  value 
Of  /  found  in  a  similar  way  for  gage  lines  located  at  columns  border- 
ing t  he  loaded  area  was  0.87.  It  will  be  noted  in  Fig.  16  that  the  strain 
in  the  lower  layer  of  diagonal  bars  is  nearly  as  great  as  that  in  the 
upper  layer  of  diagonal  bars.    The  strain  in  the  layer  of  rectangular 
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bars  between  the  two  layers  of  diagonal  bars  was  less  than  that  found 
in  the  diagonal  bars. 

No  measurements  of  strain  were  made  on  the  rings  nor  on  the 
column  bars  bent  out  radially  into  the  slab.  These  bars  were  placed 
low  in  the  slab  and  near  where  the  neutral  axis  may  be  expected  to  be. 
It  is  probable  that  they  were  stressed  somewhat.  As  has  been  stated 
elsewhere  these  bars  were  not  taken  into  account  in  the  calculations  of 
resisting  moment. 

For  the  diagonal  bars  in  the  central  area  of  the  panels,  the  stresses 
in  the  bars  of  the  lower  layers  were  generally  considerably  greater 
than  those  in  the  upper  layer.  In  the  one  ease  where  the  lower  bar 
shows  considerably  less  stress,  the  gage  linos  were  near  the  end  of 
lapped  bars. 

The  bars  in  the  rectangular  bands  at  sections  of  positive  moment 
were  farther  from  the  under  surface  of  the  slab  than  were  the  bars  of 
the  diagonal  bands,  but  the  PtrooflOfl  in  the  former  were  greater  than 
in  the  latter  except  where  laps  occurred.  It  should  be  noted  that  the 
bars  at  the  middle  of  the  rectangular  bands  were  farther  from  the  un- 
der surface  of  the  slab  than  were  the  outer  bars.  Differences  in  the 
magnitude  of  stresses  in  bars  in  similar  places  at  sections  of  positive 
moment  are  partly  accounted  for  by  differences  in  the  position  of  the 
bars;  for  example,  the  bar  at  gage  line  2.%  was  2.7  in.  from  the  lower 
Surface  and  the  one  at  --57  was  L.15  in.  from  the  lower  surface,  while 
the  stresses  were  12  600  and  21  mh)  lb.  per  sq.  in.  respectively.  Sim- 
ilarly, the  liars  for  gage  lines  219,  221,  and  239  are  higher  in  the  Blab 
than  the  corresponding  bars  at  the  edges  of  the  band. 

Gage  lines  2,  7  and  10  irere  placed  on  the  same  diagonal  bar. 
Similarly,  gage  lines  11.  14,  and  Is  were  on  another  diagonal  bar. 
The  bar  having  gage  lines  2,  7,  and  10  was  about  1.95  in.  below  the 
upper  surface  Of  the  slab  and  the  other  bar  about  3.15  in.  below  the 
upper  surface.     The  stresses  at   gage   lines  2,   7.  and   10  were  27  000, 

:;  1  500  and  lit  BOO  lb.  per  sq.  in.,  respectively  ;  the  stresses  at  gage  lines 
11.  ii.  and  18  wen  16200,  23  700,  L5000  lb.  per  sq.  in.,  respectively. 
It  will  be  Been  that  the  es  at  the  gage  Lines  opposite  the  eolumn 

capital  (7  and  U  were  greater  than  those  observed  at  the  other 
gage  lii 

18.     Resisting  Moment  Accounted  for  by  Stn  >  Reinforcing 

Bare.     It  will  be  df  interest  to  find  the  magnitude  of  the  resisting 

moments  developed   in  sections  of  the  slab  and   to  compare  the  values 
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with  the  bending  moment  due  to  the  external  forces.  As  the  part 
played  by  the  tensile  stresses  in  the  concrete  is  unknown  and  uncertain, 
only  that  part  of  the  resisting  moment  found  by  using  the  measured 
stress  in  the  reinforcing  bars  can  be  considered.  The  resisting  moment 
based  on  the  tensile  stresses  in  these  bars  may  not  be  expected  to  ac- 
count fully  for  the  bending  moment.  The  two  sections  considered  will 
be  (1)  a  section  across  the  panels  midway  between  columns  (AB,  Fig. 


Fig.  17.     Sections  of  Positive  Moment  and  Negative  Moment  Considered  in 

the  Calculations 


17)  and  (2)  one  along  an  edge  of  the  panels  parallel  to  the  first  section 
but  skirting  the  part  of  the  periphery  of  the  column  capitals  at  the 
corners  of  the  panels  (CDE,  Fig.  17).  It  will  be  noted  that  the 
edges  of  the  area  here  considered  are  along  lines  of  zero  shear,  except 
around  the  column  capitals.  The  external  forces  acting  on  the  row  of 
half  panels  are  the  load  on  the  two  half  panels  and  the  reaction  or 
terna]  shear  at  the  three  column  capitals.  The  moment  of  the  cou- 
ple formed  by  these  two  external  forces  will  be  resisted  by  the  numeri- 
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cal  sum  of  the  resisting  moments  developed  in  the  two  sections  AB, 
and  CDE.  The  moment  of  the  internal  stresses  at  the  section  of 
the  panel  midway  between  columns  is  referred  to  as  the  positive  re- 
sisting moment  and  that  at  the  edge  of  the  panel  as  the  negative  re- 
sisting moment.  The  actual  distribution  of  these  resisting  moments 
along  the  sections  need  not  be  considered  in  making  the  desired  com- 
parison. 

The  point  of  application  of  the  resultant  of  the  load  on  the  two 
half  panels  is  shown  at  F ;  that  of  the  resultant  of  the  reaction  of  the 
three  supports  at  G.  The  moment  of  the  couple  formed  by  these  two 
resultants  is  the  bending  moment  due  to  the  external  forces  and  is 
the  moment  to  be  considered.  Analysis  shows  that,  for  a  uniformly 
distributed  load,  and  round  columns,  the  value  of  this  bending  mo- 
ment  for  a  load  two  panels  wide  is  given  quite  closely  by  the  equation 

Jf-rM"1-Ttr (1) 

for  sections  at  right  angles  to  the  long  way  of  the  panel,  and 

for  sections  at  right  angles  to  tin-  short  way  of  the  panel  where 

M    ■  bending  moment  for  a  width  of  two  panels 

W    =  load  on  one  panel 

I,     =  long  nde  of  an  oblong  panel  measured  from  center  to 

center  of  column 
la     =  short  side  of  an  oblong  panel  measured  from  center  to 

center  of  column 
c     =  diameter  of  column  capital. 

With  the  load  of  913  lb.  per  sq.  ft.  over  four  panels,  the  bending 

moment   for  a  width  of  two  panels,  as  obtained  by  equations   i  1  )   and 

(2).  is  12  820000  ll>. -in.  for  tie-  long  way  of  the  panels  (resisted  at 

north  and  SOUtfa  BectionS     ami   11  060000  lb.  in.  for  the  short   way   (re- 

•d  at  east  and  \\  •  I  iona  . 

The  positive  moment  (the  resisting  mo  at  the  section  aci 

the   panels  midway  iOlumnS      and  the   negative   moment    'the 

sting  moment  at  the  Bcction  at  the  edge  of  the  panels)  together 
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must  resist  this  bending  moment.  With  a  condition  of  ends  of  slab 
for  which  the  tangent  to  the  curve  of  flexure  at  the  edges  of  the  panels 
remains  horizontal  when  the  load  is  applied  (usually  termed  fixed 
ends),  the  condition  assumed  in  the  analysis,  the  positive  moment 
will  be  found  by  analysis  to  be  one-third  of  the  total  resisting  mo- 
ment and  the  negative  moment  two-thirds,  provided  the  slab  is  uni- 
formly stiff  throughout.  If  the  tangents  at  the  panel  edges  deflect 
somewhat,  the  positive  moment  will  be  greater  than  one-third  and  the 
negative  moment  less  than  two-thirds.  In  the  comparisons  to  be  made 
it  will  be  assumed  that  the  proportions  given  by  analysis  are  one-third 
for  the  positive  moment  and  two-thirds  for  the  negative  moment.  As 
stated  in  "14,  Bending  of  Columns,"  calculations  of  the  resisting 
moment  developed  at  sections  of  the  slab  at  the  boundaries  of  the 
loaded  area  as  accounted  for  by  the  observed  stresses  in  the .  reinforc- 
ing bars,  the  results  of  analytical  determinations  of  the  moments  at 
sections  at  the  edges  and  at  the  middle  of  the  loaded  area,  and  the 
amount  of  flexure  in  the  columns  all  go  to  show  that  there  is  little  in- 
accuracy in  this  assumption  in  the  case  under  consideration.  The 
analytical  value  of  the  positive  resisting  moment  will  be  termed  the 
analytical  positive  moment  and  that  of  the  negative  resisting  moment 
the  analytical  negative  moment.  For  the  north  and  south  sections 
the  magnitude  of  these  analytical  moments  becomes  4  270  000  and 
8  550  000  lb. -in.  respectively,  and  for  the  east  and  west  sections  3  700- 
000  and  7  400  000  lb.-in.  respectively. 

The  sections  used  in  obtaining  the  resisting  moment  accounted 
for  by  the  stresses  observed  in  the  reinforcing  bars  are  shown  in  Fig. 
18.  QKC-BJT  is  the  east  and  west  section  of  positive  moment  used, 
and  MNOP  the  east  and  west  section  of  negative  moment;  similarly, 
IJO-NKL  is  the  north  and  south  section  of  positive  moment,  and 
ABCD  and  EFGH  the  north  and  south  sections  of  negative  moment. 
Sections  of  negative  moment  in  the  north  and  south  direction  arc 
taken  on  two  sides  of  the  column  capitals,  because  the  available  rein- 
forcement differed  in  the  two  sections.  The  sections  of  positive  mo- 
ment were  taken  as  shown  because  they  cross  the  greatest  number  of 
gage  lines. 

In  the  calculation  of  the  resisting  moments  developed,  lapped 
bars  were  r-orisidered  as  contributing  to  the  resisting  moment  where- 
ever  the  Imrs  extended  beyond  the  section  a  sufficient  distance  to  in- 
sure adequate  anchorage  with  respect  to  the  magnitude  of  the  stress 
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developed  in  the  bar.  Many  of  the  Lapi  were  made  in  such  a  wax- 
that  the  additional  section  may  not  be  expected  to  contribute  much 
to  the  resisting  moment.  As  measurable  stream  were  found  in  liar- 
near  the  edge  of  the  band  outside  the  loaded  area,  they  were  taken 
into  account  in  the  calculations.  The  ring  rods  around  the  columns 
and  the  column  bars  which  were  bent  out  into  the  slab  were  not  in- 
cluded in  the  reinforcement,  for  no  measurements  of  strain  were  made 
on  these  bars.  For  the  diagonal  bars  the  component  of  the  stress  was 
taken  in  a  direction  at  right  angles  to  the  direction  of  the  panel  edge. 
The  average  of  the  -  .it  the  principal  critical  gage  lines  was 

generally  used.  For  the  bamls  at  the  edges  of  the  loaded  area  the 
ulH'lllMH  were  considered  to  vary  over  the  band  from  gage  line  to  gage 


IS         SH  'I  IONS   OF    POSITIVK     \M>    Xu.AIIVK    Mu.VKM    GoNSmBUD    IN    TUK    CAL- 
CULATION Of  tuk  1  MoMhNTs  Accounted  for  b\    S 
in  tuk  Reinforcing  Bars 


line.  Borne  judgment  had  to  be  used  in  determining  the  stress  varia- 
tion m  irel]  as  the  availability  of  lapped  bars,  but  it  is  believed  that 
the  assnmptioni  made  give  results  well  below  the  actual  resistance  de- 
veloped  in  the  slab.      It   should   I  d   that    the   maximum   ■tl'OOQOl! 

observed  in  bars  ot'  negative  moment  were  16  per  sent  greater  than 

the  avcra-_rc  of  the  stresses   used    in   computing  the   resisting   moment 
•  unfed   for  by  these  stresses,   not   counting  bars   in   hands  near  the 
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edges  of  the  loaded  area,  and  similarly  the  maximum  stresses  in  bars 
at  sections  of  positive  moment  were  25  per  cent  greater  than  the  aver- 
age of  the  stresses  used  in  computing  the  positive  moment.  The 
measured  position  of  the  bars  with  reference  to  the  face  of  the  slab 
and  the  measured  thicknesses  of  the  slab  were  used.  The  position  of 
the  neutral  axis  was  determined  from  the  strains  measured  in  the  re- 
inforcing bars  and  in  the  concrete  at  the  face  of  the  slab;  knowing 
this  distance,  the  values  of  jd,  the  distance  from  the  bar  to  the  center 
of  gravity  of  the  compressive  stresses,  were  computed  in  the  usual 
way.  The  value  of  jd  was  generally  about  0.87  of  the  distance  from 
the  center  of  gravity  of  the  bars  to  the  face  of  the  slab. 


Table  3 

Resisting  Moments  Accounted  for  by  Stresses  Observed  in  Reinforcing  Bars 

(Moments  are  given  in  pound  inches) 


North  and  South  Sections 


Negative  Moment 

Positive  Moment 

Width  AB 

Fig.  18 

Width  BC 

Width  CD 

2  760  000 

2  720  000 
1  690  000 

Width  IJ 

Width  JO-NK 
Width  KL 

560  000 

1  570  000 
750  000 

Total 

7  170  000 

Total 

2  880  000 

Width  EF 

2  950  000 
2  890  000 
2  030  000 

Width  FG 

Width  GH 

Total 

7  870  000 

Average  total 

negative  moment 

7  520  000 

East  and  West  Sections 


Negative  Moment 

Positive  Moment 

Width  MX 
Width  NO 
Width  OP 

2  190  000 
2  950  000 

1  080  000 

Width  QK 
Width  KG-FJ 
Width  JT 

600  000 

1  340  000 

730  000 

Total 

6  820  000 

Total 

2  670  000 

Table  3  gives  the  resisting  moments  accounted  for  by  the  stresses 
observed  in  the  reinforcing  bars  as  calculated  by  the  method  described. 
A  comparison  of  these  moments  with  the  values  of  the  analytical 
moments  already  given  indicates  that  about  88  per  cent  of  the  analyti- 
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cal  negative  moment  is  accounted  for  by  the  stresses  in  the  rein- 
forcing bars  in  the  case  of  the  north  and  south  section  and  92  per  cent 
in  the  case  of  the  east  and  west  section.  For  positive  moments  68  per 
cent  of  the  analytical  positive  moment  is  accounted  for  in  the  north 
and  south  section  and  72  per  cent  in  the  east  and  west  section.  The 
average  percentages  for  the  sections  in  the  two  directions  are  90  for 
the  negative  moment  and  70  for  the  positive  moment. 

The  reinforcing  bars  are  not  the  only  source  of  tensile  resistance 
in  the  slab ;  tensile  strength  of  concrete  assists.  It  is  evident  that  at 
sections  of  positive  moment  tension  in  the  concrete  may  make  up  a 
considerable  part  of  the  resistance  offered  by  the  slab,  and  even  at 
sections  of  negative  moment  it  may  have  an  effect.  This  tension  will 
be  especially  influential  in  regions  away  from  cracks.  At  points  of 
the  sections  which  are  outside  the  loaded  area  and  where  the  stresses 
in  the  ban  are  small  it  may  be  expected  to  form  a  not  inconsiderable 
part  of  the  total  resisting  moment  developed.  Of  course,  if  all  panels 
were  loaded,  the  effect  of  tension  in  the  concrete  would  be  much  less, 
since  its  greatest  proportional  effect  is  outside  the  loaded  area. 

In  making  comparisons,  it  must  be  kept  in  mind  that  the  unit- 
strain  computed  from  the  measurements  <rives  the  average  strain  over 
the  gage  length  and  that  at  a  crack  the  stress  in  the  bar  will  be  more 
than  the  average  stress  over  the  gage  length. 

Measurements  made  in  beam  tests  in  various  laboratories  gener- 
ally show  that  up  to  loads  near  the  ultimate  load  the  measured  stress 
in  the  reinforcing  ban  is  less  than  that  accessary  to  account  for  the 
full  bending  moment  due  to  the  applied  load.  At  the  lower  Btresses 
the  deficiency  is  considerable;  at  stresses  near  the  yield  point  of  the 
■I  it  may  not  he  mneh,  and  the  measured  stresses  may  even  be 
larger  than  accessary  to  account  for  the  bending  moment.  The  ef- 
fect is  particularly  noticeable  in  concrete  of  high  quality. 

On  the  whole  the  analytical  values  of  the  moments  are  closely  ap- 
proached, as  closely  as  may  he  expected  in  tests  of  this  kind.  The 
negative  momenl  of  course  is  most  fully  accounted  tor.  Tim  positive 
moment  is  not  wholly  accounted  forj  hot  ;is  the  Becticu  of  positive 

moment    involves   relatively   low   stresses   the   effeci    of   the   tensile    re- 

sistance  of  the  concrete  <>n  the  measured  stresses  maj  be  considerable, 

especially  in  the  pari  of  the  slab  outside  the  Loaded  area,    it  must  nut 
be  overlooked,  also,  that  the  stn-ss  in  the  bars  at  the  cracks  will  l>«> 

larger  than  the  average  Stress  over  the  gage  length. 
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It  should  be  noted  that  in  the  case  of  negative  moments  the 
magnitudes  of  the  moments  found  for  the  part  of  the  sections  ad- 
jacent to  the  central  column  are  smaller  than  those  for  the  corres- 
ponding parts  of  the  sections  adjacent  to  the  outer  columns.  In  the 
case  of  column  15,  part  of  this  difference  is  due  to  the  additional 
amount  of  reinforcement  furnished  by  the  extra  laps  at  this  place, 
and  it  should  be  noted  too  that  the  larger  number  of  laps  at  the  outer 
columns  makes  this  portion  of  the  slab  stiffer  than  the  portion  around 
the  central  column.  In  general,  however,  most  of  it  appears  to  be  due 
to  the  stresses  developed  in  slab  and  reinforcing  bars  outside  the 
loaded  area,  a  part  of  the  slab  which  has  not  usually  been  considered 
to  contribute  to  the  resisting  moment.  In  the  sections  of  positive  mo- 
ment, the  magnitudes  of  the  resisting  moments  found  are  less  propor- 
tionally at  the  ends  of  the  sections  than  at  the  middle,  a  condition 
which  may  be  due  to  the  greater  proportional  effect  of  the  tensile  re- 
sistance developed  in  the  concrete  in  these  regions. 

The  foregoing  comparisons  have  been  made  on  the  basis  of  the 
full  analytical  value  of  the  bending  moment  and  by  considering  one- 
third  of  it  as  positive  moment  and  two-thirds  as  negative  moment. 
The  Joint  Committee  on  Concrete  and  Reinforced  Concrete  recom- 
mended for  the  sum  of  the  positive  and  negative  moments  a  value 
which  is  about  85  per  cent  of  the  analytical  value  heretofore  used  and 
recommended  that  the  distribution  be  three-eighths  positive  moment 
and  five-eighths  negative  moment.  It  may  be  of  interest  to  note  that 
the  sum  of  the  positive  and  negative  moments  accounted  for  by  the 
measured  stresses  in  the  reinforcing  bars  has  nearly  the  same  value 
as  the  sum  of  the  moments  recommended  by  the  Joint  Committee. 
The  negative  moments  so  accounted  for  are  13  per  cent  higher  than 
the  value  recommended  by  the  Joint  Committee,  and  the  positive  mo- 
ments are  about  73  per  cent  of  the  committee's  values.  In  judging 
of  the  results,  it  should  be  remembered  that  at  the  section  of  positive 
moments  tensile  stresses  in  the  concrete  have  a  considerable  influence 
at  the  stage  of  the  loading  indicated  by  the  stresses  in  the  bars  in  the 
loaded  area  and  outside  of  it.  The  reference  to  the  tensile  resistance 
of  the  concrete  as  contributing  to  the  resisting  moment  of  the  slab  in 
the  test  should  not  be  taken  to  mean  that  it  will  be  effective  as  a  re- 
tance  when  the  ultimate  load  is  reached.  It  is  apparent,  also,  that 
requirements  less  than  those  of  the  Joint  Committee  will  not  provide 
for  all  the  moment  developed  by  the  bars  of  the  slab. 
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In  making  a  comparison  with  methods  used  in  design  it  should 
be  borne  in  mind  that  the  principal  observed  maximum  stresses  were 
from  15  to  25  per  cent  greater  than  the  average  of  the  observed 
stresses  which  were  used  in  computing  the  resisting  moments  accounted 
for  by  the  Hi  MM* ll  in  the  bars;  in  designing,  a  uniform  stress  over  the 
section  is  assumed. 

14.  Bending  of  Columns. — A  few  gage  lines  were  placed  on 
columns  bordering  the  loaded  area.  In  Fig.  19  the  location  of  these 
is  shown,  together  with  the  load-strain  diagrams.     Although  for  some 
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of  the  ^age  lilies  the  strains  show  m  tensile  strains,  it  is  probable  that 
f(»r  the  gage  lines  given  as  in  tension  the  eompressi  rain  in  the 
eolnmn  due  to  tin-  weight  of  the  floors  above  was  sufficient  t»>  over- 
come the  tensile  strain  measured  by  the  instrument. 
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The  direction  of  the  bending  was  in  the  direction  which  would  be 
expected  from  the  condition  of  loading.  For  gage  line  406  on  a 
column  reinforcing  bar  the  deformation  at  the  load  of  913  lb.  per  sq. 
ft.  corresponded  to  a  flexural  tensile  stress  of  10  500  lb.  per  sq.  in. 
and  for  gage  line  407  on  the  concrete  on  the  opposite  face  of  the 
column  the  strain  was  0.00054  in.  per  in.  corresponding  to  a  stress  of 
2160  lb.  per  sq.  in.  with  a  modulus  assumed  as  4  000  000  lb.  per  sq. 
in.  Similarly  at  gage  line  401  on  a  column  reinforcing  bar  at  the 
east  face  of  column  14  a  stress  of  8100  lb.  per  sq.  in.  was  found,  and 
for  gage  line  403  on  the  concrete  on  the  opposite  face  of  the  column 
the  compressive  stress  was  1200  lb.  per  sq.  in.  based  on  the  same 
modulus  of  elasticity  of  concrete.  The  highest  compressive  strain  on 
column  14  was  found  at  gage  line  404  on  the  southwest  face  of  the 
column.  Gage  line  402  was  placed  across  an  opening  which  had  been 
cut  into  the  concrete  of  the  column  in  an  unsuccessful  effort  to  ex- 
pose column  bars  at  this  point.  A  fine  crack  formed  across  this  gage 
line.    It  is  seen  that  the  deformation  at  this  gage  line  is  large. 

Fine  cracks  formed  on  the  tension  side  of  the  columns  at  or  near 
the  juncture  of  the  column  shaft  and  capital.  At  column  15  a  crack 
was  found  about  half  way  up  the  column  capifal.  All  the  cracks 
noted  were  fine  cracks — much  smaller  than  those  observed  on  the 
lower  surface  of  the  slab. 

The  amount  of  flexure  in  the  columns  was  apparently  not  suf- 
ficient to  give  more  than  a  slight  reduction  in  the  proportion  of  re- 
sisting moment  carried  by  the  slab  at  the  sections  at  the  edges  of  the 
loaded  area,  nor  more  than  a  slight  increase  in  the  moment  carried  at 
the  sections  through  the  middle  of  the  loaded  area.  This  view  is  borne 
out  by  calculations  of  the  resisting  moment  developed  at  sections  of 
the  slab  at  the  boundaries  of  the  loaded  area,  as  accounted  for  by  the 
observed  stresses  in  the  reinforcing  bars,  and  also  by  the  results  of 
analytical  determinations  of  the  moments  at  sections  at  the  edges  and 
the  middle  of  the  loaded  area. 

15.  Time  Effect  of  Load  and  Recovery  upon  Removal  of  Load. — 
Afl  lias  been  stated,  two  or  more  sets  of  strain  gage  and  deflection 
readings  were  generally  taken  after  an  increment  of  load  had  been 
applied, — the  first  set  immediately  after  the  last  of  the  load  had  been 
placed  and  another  set  12  hours  thereafter.  A  third  set  was  taken  66 
hours  after  the  load  of  913  lb.  per  sq.  ft.  had  been  applied. 
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The  effect  of  time  on  the  strains  in  the  steel  and  concrete  was 
very  small ;  the  reading  in  a  few  of  the  gage  lines  increased  slightly 
after  12  hours,  but  generally  not  enough  to  allow  two  points  to  be 
plotted  on  Fig.  11  to  13  and  not  more  than  may  be  considered  to  be 
within  the  error  of  observation.  This  was  true  for  both  steel  and  con- 
crete even  in  the  most  highly  stressed  places  at  the  maximum  load 
after  a  period  of  66  hours  had  elapsed. 

The  deflection  readings  were  affected  but  little  through  the  12- 
hour  period  until  a  load  of  637  lb.  per  sq.  ft.  was  reached;  Fig.  8 
shows  that  at  this  load  a  marked  change  in  deflection  occurred  at  the 
centers  of  panels'  B,  C,  and  D  in  the  12  hours'  time.  At  the  maxi- 
mum load  the  increase  in  deflection  through  the  66-hour  period  was 
small. 

Four  days  were  consumed  in  removing  the  load.  Four  hours 
after  the  last  of  the  load  was  removed,  readings  were  taken  on  the 
gage  lines  and  deflection  points,  and  twenty  hours  later  another  set 
was  taken.  The  cracks  in  both  upper  and  lower  surfaces  of  the  slab 
had  closed  so  that  they  were  not  easily  traced.  The  recovery  in  de- 
flection is  given  by  the  plotted  points  at  the  bottom  of  the  diagrams  in 
Fig.  8.  The  recovery  at  the  centers  of  the  panels  wTas  about  75  per 
cent;  at  other  points  it  was  generally  greater.  The  recovery  in  strains 
in  steel  and  concrete  was  also  large.  Even  where  high  stresses  and 
open  cracks  had  been  observed  the  residual  strain  in  the  steel  was  not 
more  than  that  to  be  expected  from  the  lack  of  interlocking  of  parti- 
cles at  the  cracks.  In  the  region  of  high  compressive  stress  in  the  con- 
erete  the  recovery  at  the  principal  gage  lines  was  75  per  cent  or  more; 
in  the  reinforcing  ban  the  recovery  averaged  about  80  per  cent. 
In  general  the  action  of  the  slab  was  that  of  concrete  of  high 
quality. 

16.  General  Comments.  Although  there  were  differences  in  the 
"sses  and  deflection*  found  at  corresponding  points  in  the  four 
loaded  panels,  these  differences  can  generally  be  accounted  for  by  (1) 
difference  in  the  arrangement  and  number  of  the  reinforcing  bar-. 
(2)  differences  in  position  of  the  ban  with  reaped  to  the  surfs 
of  the  ilab,  and  (8)  differences  in  strength  and  stiffness  of  concrete 
in  the  tour  panels.    The  large  amount  of  steel  in  tl  on  of  the 

column  capitals  bordering  the  Loaded  area  -where  there  irere  two  or 
three  bands  lapped,  added  greatly  to  the  sthfness  of  the  slab  in  this 
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region.  The  effect  of  this  added  stiffness  was  to  cause  higher  relative 
stresses  to  be  developed  at  the  columns  bordering  the  loaded  area,  and 
relatively  Large  negative  resisting  moments  were  developed  at  col- 
umns where  lapped  bars  were  numerous.  Another  effect  of  the  lapping 
of  bars  at  columns  and  in  certain  of  the  rectangular  bands  was  to  de- 
emase  the  deflection  of  the  slab  in  the  panels  affected  by  the  laps.  The 
influence  of  the  position  of  the  reinforcing  bars  has  already  been  dis- 
cussed. Higher  stresses  in  reinforcing  bars  and  greater  deflections  in 
the  slab  were  found  in  the  panels  for  which  the  compression  tests 
showed  weaker  and  less  stiff  concrete.  Cracks,  also,  were  wider  and 
more  numerous  in  these  panels.  It  is  apparent  that  *the  tensile  resist- 
ance of  the  concrete  at  sections  of  positive  moment,  particularly  near 
the  outer  edges  of  the  loaded  panels,  contributed  to  the  resistance  of 
the  slab  even  at  the  maximum  load. 

AVith  reference  to  the  design  of  the  slab;  it  may  be  noted  that  the 
slab  was  strongly  reinforced,  though  the  reinforcing  bars  were  not 
distributed  to  the  best  advantage  and  the  laps  were  not  placed  so  as 
to  be  fully  effective.  Taking  the  total  reinforcement  found  over  the 
loaded  area  and  immediately  outside,  and  including  such  lapped  bars 
as  had  sufficient  anchorage  beyond  critical  sections  to  be  effective 
(there  were  many  lapped  bars  which  were  not  counted  as  effective), 
and  considering  the  thinness  of  the  slab,  the  amount  of  reinforcement 
for  negative  moment  was  on  the  average  as  much  as  that  required  for 
the  negative  moments  recommended  by  the  Joint  Committee  on  Con- 
crete and  Reinforced  Concrete.  The  amount  of  reinforcement  avail- 
able for  positive  moment  was  on  the  average  more  than  50  per  cent 
greater  than  that  required  for  the  positive  moments  recommended  by 
the  same  committee.  The  distribution  of  the  reinforcing  bars  was, 
however,  quite  different  from  that  recommended  by  this  committee. 
It  may  be  noted  also  that  the  amount  of  reinforcement  was  greater 
than  that  required  by  most  building  regulations. 

Although  the  nominal  thickness  of  the  slab   (8V2  in0   was  less 
than   that  required  by   building  regulations,   the   slab   fulfilled  the 
nmoo  requirements  for  compressive  and  shearing  stresses  in  con- 
crete of  the  high  quality  shown  in  the  tests  of  prisms  taken  from  the 
slab.     The  provisions  of  the  Joint  Committee  on  Concrete  and  Rein- 
forced Concrete  for  bending  moments  and  working  stresses  in  con- 
of  3000  lb.  per  sq.  in.  strength  give  a  thickness  about  the  same 
the  designed  thickness  of  the  slab. 
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In  view  of  the  large  number  of  lapped  bars  not  shown  on  the 
building  plans,  the  use  of  high-earbon  steel  instead  of  the  mild  steel 
specified,  and  the  unexpectedly  high  strength  of  the  concrete,  it  is 
not  strange  that  the  floor  carried  a  much  higher  load  than  was  antici- 
pated when  the  test  was  begun. 

17.  Wrecking  of  the  Floor. — As  soon  as  the  load  was  removed, 
portions  of  the  floor  in  the  four  panels  of  the  loaded  area  were  broken 
into  to  uncover  the  reinforcing  bars  at  important  sections.  Measure- 
ments of  the  position  and  location  of  the  reinforcing  bars  were  made 
for  use  in  calculation.  The  thickness  of  the  floor  was  measured  at  a 
number  of  points  to  check  the  values  obtained  from  level  read  in  gs. 
Photographs  were  taken  to  give  a  record  of  the  position  and  location  of 
reinforcing  bars  and  their  laps;  Fig.  21  is  a  sample.  As  the  wrecking 
of  the  floor  by  the  contractor  progressed,  further  measurements  of  the 
position  of  the  reinforcing  bars  and  their  laps,  including  those  in  the 
bands  outside  of  the  loaded  area,  were  taken. 

The  wrecking  of  the  building  by  the  contractor  was  an  interest- 
ing operation.  Fires  were  first  built  around  the  columns  on  the  floor 
below  the  one  to  be  wrecked;  the  effect  on  the  concrete  at  the  base  of 
the  column  after  several  hours  application  of  heat  was  to  crack  and 
loosen  the  concrete  shell  and  expose  the  reinforcement.  To  assist  in 
cracking  the  concrete  and  separating  it  from  the  steel,  in  many  cases 
water  was  tin-own  over  the  columns  after  they  were  well  heated.  A 
heavy  iron  pear-shaped  weighl  'about  1600  pounds)  was  dropped  mi 
tin*  floor  immediately  over  the  column  capital   dose  to  where  the 

column  of  the  story  above  had  1 n.    After  the  column  capital  had 

been  sheared  and  shattered  by  this  operation,  the  portion  of  the 
floor  surrounding  the  column  ami  that  directly  between  columns  was 
broken  ap  with  the  weight  and  with  sledge  hammers.  After  the  con- 
crete of  Bections  of  the  floor  had   i n   removed   in  this  way,  the  re- 

inforcing  bars  were  cut  with  the  ozyacetylene  flame.     Many  of  the 

bars  were  taken  out  in  g 1  condition.    The  process  was  continued 

until  the  entire  floor  wa>  wrecked.    The  longitudinal  reinforcing  bars 

in  the  column  were  then  cut  Dear  the  floor  below  and  the  columns 
were  pulled  down  on  the  floor  and  broken   up  with  the  heavy  weight 

and  hammers. 

18.  8ummary.    The  following  deductions  have  been  drawn  in 

the  foregoing  presentation  of  the  results  of  the  test  : 


44  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

(1)  The  tests  of  samples  of  the  concrete  from  the  slab,  as 
well  as  the  hardness  and  toughness  of  the  concrete  observed  in 
breaking  up  the  slab,  indicate  that  the  concrete  was  of  unusually 
good  quality  and  that  it  had  high  strength  and  stiffness.  The 
action  of  the  slab  under  load  was  that  to  be  expected  with  high 
grade,  well-seasoned  concrete.  The  effect  of  time  on  the  stresses 
in  steel  and  concrete  and  on  the  deflection  of  the  slab  under  a 
sustained  load  was  slight,  even  over  a  period  of  66  hours  under 
the  maximum  load  of  913  lb.  per  sq.  ft., — conditions  which  would 
not  exist  at  an  early  age  of  concrete.  Upon  removal  of  load,  the 
recovery  in  deflection  at  the  centers  of  the  panels  was  about  75 
per  cent  of  that  under  load,  and  at  other  points  generally  more ; 
the  recovery  in  strains  in  steel  and  concrete  was  as  large. 

(2)  The  position  of  the  important  cracks  on  both  upper  and 
lower  sides  of  the  slab  may  be  expected  to  indicate  the  region  of 
high  tensile  stresses  in  the  reinforcing  bars;  it  is  also  an  indica- 
tion of  the  general  action  of  the  slab  in  flexure.  The  cracks  on 
the  upper  side  at  the  load  of  913  lb.  per  sq.  ft.  opened  to  a  width 
of  0.02  to  0.06  in. ;  those  on  the  lower  side  were  not  so  wide.  Up- 
on removal  of  the  load  the  cracks  closed,  leaving  the  surfaces  of 
the  slab  with  the  appearance  which  they  had  before  the  load  was 
applied. 

(3)  For  reinforcing  bars  in  the  upper  side  of  the  slab  in 
the  regions  of  negative  moment,  the  stresses  in  bars  of  diagonal 
bands  were  greater  than  those  in  bars  of  rectangular  bands,  a 
stress  of  57  300  lb.  per  sq.  in.  being  observed  in  a  diagonal  bar 
and  one  of  42  000  lb.  per  sq.  in.  in  a  rectangular  bar  at  the  maxi- 
mum load.  Stresses  were  found  in  both  rectangular  and  diagonal 
bars  at  the  columns  bordering  the  loaded  area  nearly  as  great  as 
those  at  corresponding  points  at  the  central  column.  Stresses  of 
some  magnitude  were  found  in  bars  outside  the  loaded  area.  The 
stresses  given  do  not  include  the  stress  due  to  the  load  of  the 
slab  itself. 

I  For  reinforcing  bars  in  the  lower  side  of  the  slab  in 
the  regions  of  positive  moment,  the  stresses  in  bars  of  rectangular 
hands  were  greater  than  those  in  bars  of  diagonal  bands  even 
though  the  former  were  farther  above  the  lower  surface  of  the 
slab  than  the  latter;  in  the  one  apparent  exception,  the  presence 


Pig.  20.     View  Showing  Arrangement  01   Reinforcement  at  Column  22 


,21.     Vilu  ok  Slab  akilk  Eeinforcini    I: 
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of  laps  doubled  the  usual  number  of  bars.  At  the  maximum  load 
stresses  of  24  000  to  30  000  lb.  per  sq.  in.  were  observed  in  bars 
of  rectangular  bands  and  of  20  000  to  24  000  lb.  per  sq.  in.  in 
bars  of  diagonal  bands.  A  stress  of  15  600  lb.  per  sq.  in.  was 
observed  in  a  bar  outside  the  loaded  area  at  the  edge  of  a  rec- 
tangular band. 

(5)  On  the  upper  surface  of  the  slab  the  greatest  com- 
pressive strains  were  found  at  gage  lines  along  the  inner  panel 
edges  midway  between  columns,  ranging  from  0.0009  to  nearly 
0.001  in.  per  in.  at  the  maximum  load ;  at  the  centers  of  the 
panels  values  about  half  as  great  were  found.  On  the  lower  sur- 
face the  greatest  strains  were  found  at  the  middle  column;  these 
ranged  from  0.0012  to  0.0016  in.  per  in.,  values  which  are  as  great 
as  the  strains  found  at  failure  in  the  tests  of  the  concrete  prisms 
cut  from  the  slab  and  as  great  as  are  ordinarily  found  in  com- 
pression tests  of  concrete  at  the  ultimate  load.  In  some  places 
there  was  chipping  and  spalling  of  the  concrete.  It  is  evident 
that  the  action  of  the  surrounding  concrete  assisted  in  prevent- 
ing failure.  At  gage  lines  crossing  the  inner  panel  edges  high 
compressive  strains  also  were  found,  even  though  there  was  no 
tension  reinforcement  in  the  upper  side  of  the  slab  in  this  region. 
It  may  be  noted  that  the  maximum  compressive  strains  on  the 
upper  surface  of  the  slab  were  one-half  to  three-fifths  those  found 
on  tlif  lower  surface.  The  intensity  of  the  strains  at  various 
points  along  sections  of  positive  moment  and  negative  moment 
will  give  some  measure  of  the  distribution  of  intensity  of  moments 
along  those  sections. 

(6)  The  observed  stresses  in  the  reinforcing  l>ars  accounted 
for  about  (J0  per  cent  of  the  analytical  negative  moment  and 
about  70  per  cent  of  the  analytical  positive  moment,  as  given  by 
the  methods  used.     It  should  be  noted  that  the  observed  St 

used  are  average  Btr over  the  gage  length,  and  the  stress  at 

a  crack  may  1 xpected  to  be  greater  than  the  average  over  the 

gage  length.  It  s(vins  probable  that  tensile  resistance  of  the  con- 
crete contributed  to  the  resistance  of  the  slab,  particularly  in  the 

:ions  of  positive  moment   and  in  regions  near  the  edges  «»f  the 

loaded  area.  A  similar  influence  of  the  tensile  resistance  of  con- 
crete, whni  the  str.-ss,^  jM  the  steel  are  well  belon  its  yield  point, 

has  been  observed  in  numerous  beam  tests.    That  the  tensile  rt- 
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sistanee  of  the  concrete  contributed  to  the  resisting  moment  of 
the  slab  in  the  test  should  not  be  taken  to  mean  that  it  will  be 
effective  in  resisting  moment  when  the  ultimate  load  is  reached. 
It  may  be  noted  also  that  the  sum  of  the  positive  and  negative  mo- 
ments accounted  for  bj^  the  measured  stresses  in  the  reinforcing 
liars  has  almost  the  same  value  as  the  sum  of  the  positive  and 
negative  moments  recommended  by  the  Joint  Committee  on  Con- 
crete and  Reinforced  Concrete,  and  that  the  negative  moments 
so  accounted  for  are  about  113  per  cent  and  the  positive  moments 
about  73  per  cent  of  the  moments  recommended  by  this  commit- 
tee. In  making  a  comparison  with  methods  used  in  designing  it 
should  be  borne  in  mind  that  the  principal  maximum  stresses 
were  from  15  to  25  per  cent  greater  than  the  average  stresses 
which  were  used  in  computing  the  resisting  moments  accounted 
for  by  the  stresses  in  the  bars;  in  designing,  a  uniform  stress 
over  the  section  is  assumed. 

Although  the  arrangement  of  bars  was  not  as  recommended, 
the  amount  of  reinforcement  for  negative  moment,  considering 
all  available  bars  over  the  area  used,  was  as  much  as  that  required 
for  the  negative  moments  recommended  by  the  Joint  Committee 
on  Concrete  and  Reinforced  Concrete,  even  though  the  slab  was 
thinner  than  recommended  for  ordinary  concrete.  The  amount 
of  reinforcement  for  positive  moment  was  more  than  50  per  cent 
greater  than  that  required  for  the  positive  moments  recommended 
by  the  committee.  Although  the  nominal  thickness  of  the  slab 
was  less  than  that  required  by  building  regulations,  it  fulfilled 
the  provisions  of  the  committee  for  bending  moments  and  working 
stresses  for  concrete  of  a  test  strength  of  3000  pounds  per  square 
inch. 

(7)     The  action  of  the  floor  slab  under  test  should  give  added 
mfidenee  in  the  suitability  and  reliability  of  the  flat  slab  as  a 
load-carrying  structure. 
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ANALYSIS   AND  TESTS  OF  RIGIDLY   CONNECTED 
REINFORCED   CONCRETE    FRAMES 


1.     Introduction 


1.     P  ary. — The  rigidly  connected  frame  has  Frequent  ap- 

plications in   reinforced  concrete  construction.     It   is  made   use  of  in 

gineering  structures  in  a  variety  of  form-.     With  a  wider  knowle 
of  the  analysis  of  rigidly  connected  :  [forced  concrete  it  is 

believed  that  the  fram  d  element   in  design  will  become  more 

important  and  will  be  utilized  in  various  ways  in  gaining  econon. 

tive  designs, 
^withstanding    the    importance,    the   exact    determination    of 
-   aa  they  actually  occur  in  a  rigidly  connected  reinforced  con- 
crete frame  is  not  usually  attempted.     In  mo*  -  the  determina- 
tion requires  considerable  time  and  labor  to  work  out  the  formulas 

for  statically  indeterminate  quantities  which  depend  upon  the  number 
and  the  fixity  of  the  supports.  There  are  few  publications  in  English 
which   •  this  subject    systematically,   and  formulas  for  practical 

use  are  not  generally  available.  In  some  quarters  there  may  still  be 
a  lack  of  acceptance  of  the  principl  ontinuity  and  tip  t  of 

rigidity  of  joint-  as  applied  to  reinforced  concrete  construction. 

In  this  bulletin   formulas   for   moment-   and   other   indeP-rmin 
quantities  for  d  types  of  ^determinate  structure  present 

For  the  derivation  of  the  formulas  the  method  which  involves  the  use 
of  the  principle  of  leasl  work  was  chosen.    To  tesi  the  applicability 

and  reliability  of  the  method-  of  anab  fram-  ording 

to  the  formulae  found  by  the  analyses  were  fabricated  and  the  deforma- 
tion- produced  in  various  parts  of  the  members  under  the  action  of  the 
lead-  measured,  and  a  study  and  comparison  of  the  results  of  anal;. 
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and  test  have  been  made.  The  general  rigidity  at  the  places  where 
the  members  are  joined  has  been  investigated.  The  work  is  presented 
in  the  thought  that  it  will  be  helpful  in  bringing  into  wider  use  the 
principles  applicable  to  the  design  of  rigidly  connected  reinforced  con- 
crete constructions. 

2.  The  Use  and  the  Advantages  of  the  Rigidly  Connected  Reinforced 
Concrete  Frame. — Since  about  1905  reinforced  concrete  frame  construc- 
tion has  been  extensively  used  in  continental  Europe.  Many  examples 
can  be  found  in  the  German  texts  and  magazines.  In  England  also 
frame  constructions  of  reinforced  concrete  viaducts  and  other  structures 
have  been  built  in  recent  years.  There  is  also  a  tendency  in  America 
to  use  reinforced  concrete  frames  for  buildings  and  bridges. 

The  field  of  the  application  of  rigid  frames  is  almost  unlimited, 
for  most  reinforced  concrete  structures  are  composed  of  elements  of 
rigid  frames.  It  covers  such  constructions  as  buildings,  bridge  struc- 
tures, trestles  and  viaducts,  culverts  and  sewers,  subway  construction, 
retaining  walls,  and  reservoirs  and  water  tanks.  In  these  structures 
rigid  connections  are  used  between  members  and  in  many  or  most  of 
them  the  bending  moments  are  statically  indeterminate. 

It  is  clear  that  every  building  construction  of  reinforced  concrete 
may  be  considered  as  a  rigidly  connected  frame,  for  columns,  girders, 
beams  and  slabs  are  all  rigidly  connected  with  each  other,  even  though 
the  effect  of  this  condition  is  not  fully  considered  in  the  design.  In 
continental  European  countries  it  is  most  common  to  use  frames  in 
building  constructions,  such  as  roofs,  balconies,  towers,  and  the  build- 
ing as  a  whole.  In  the  design  the  requirements  and  the  advantages 
of  the  frame  are  taken  into  account. 

Bridge  structures  are  in  the  field  of  the  rigid  frame.  Arches, 
beam  and  bent  construction,  and  most  bridge  structures  can  be  designed 
on  a  rigid  analytical  basis.  In  highway  bridges,  for  exam- 
ple a  spandrel-braced  arch  is  frequently  used.  In  such  a  case  columns 
are  rigidly  connected  to  the  arch  ribs  and  to  the  superstructure,  and 
therefore  the  design  should  be  made  as  a  rigidly  connected  frame. 
The  designing  of  trestles  and  viaducts  as  a  frame  will  secure  safety 
and  at  the  same  time  obtain  the  best  proportioning  of  parts. 

Box  culverts  and  the  box  type  of  construction  for  subways  give 
hich  are  examples  of  the  rigidly  connected  frame  and  which 
••  Dot  be  rationally  designed  without  a  sufficient  knowledge  of  rigid 
frami 
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In  water  tanks  and  reservoirs  of  a  rectangular  or  a  polygonal 
form,  the  unknown  negative  bending  moment  due  to  a  rigid  connection 
of  wall  to  wall  or  base  to  wall  will  exist  at  each  corner.  These  momenta 
are  modified  by  the  relative  thickness  of  walls  and  the  other  dimen- 
sions of  the  structure.  A  knowledge  of  the  rigid  frame  will  suggest 
the  proper  method  of  solution. 

It  can  thus  be  seen  that  most  monolithic  construction  falls  within 
the  field  of  the  rigid  frame.     A  study  of  tl  frame  will  assist  in 

developing  judgment  for  use  in  thi  m  of  such  construct! 

In  building  and  structural  design,  insufficient  attention  i-  often 
•riven  to  the  bending  of  columns  caused  by  the  rigidity  of  connect  ions. 
The  bending  moment  for  a  beam  is  frequently  taken  as  an  assumed 
fraction  of  PI  (where  P  is  the  load  and  /  is  the  -pan)  while  bending 
moment-  at  the  ends  and  in  the  columns  are  disregarded  entirely,  thus 
leaving  tin-  structure  inadequate  or  making  one  part  stronger  at  the 
expense  of  the  other. 

The  reinforced  concrete  frame  is  advantageous  in  that  material 
can  be  Saved  and  a  much  better  result  obtained  from  the  theoretical 
and  structural  point  of  view.  In  ordinary  concrete  building  construo- 
tioo  the  element  of  rigidity  is  usually  not  fully  taken  advantage  of. 
With  the  concrete  frame  construction,  however,  the  rigidity  of  the 
connection    of    the    members     may    be    us  The    rigid     frame    is 

capable  of  ex  sign,  and  therefore  the  economical  distribution  of 

material-  can  be  realized. 

One  reason  why  some  engineers  hesitate  to  use  concrete  frai 

extensively  ifl  that  they  hardly  believe  in  the  continuity  of  the  p 

of  the  structure  and  doubt  the  effect  of  the  rigidity  of  the  connection. 

The   question    is   also    naturally    raised    if   the    formula-   deduced    from 
the  elastic   work  of  deformation   of  a   nun-hot:  Mfl   material   like 

reinforced   concrete   will   hold   good   for   SUCh   composite   member-   with 
lair  agreement)  furthermore  t1  Mary  si  may  act    to  modify 

the  results      Under  actual  conditio  18  well  known,  the  fundamental 

iimptions  which  underlie  the  static  considerations  can  seldom 
more  than  partially  fulfilled  even  under  carefully  prepared  specifications 
and  well  executed  designs.     These  things  must  be  considei 
coming  to  a  conclusion  reliability  of  rigidly  connected  rein- 

forced concrete  frames,     li  is  evident  that  reii  1  concr 

will  be  reliable  if  there  is  perfect  continuity  or  complete  rigidity  of  joint, 

do  •  M nut    between  theory  and  experiment,  and  a  -mall  I 

lary  chara  It  is  not   known  that  an  experi- 
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mental  study  of  this  subject  has  before  been  made.  It  may  be  expected 
then  that  careful  experiments  and  investigation  will  give  information 
which  will  help  to  settle  these  questions. 

3.  Scope  of  Investigation  and  Acknowledgment. — In  this  bulletin 
formulas  for  several  types  of  statically  indeterminate  structures  which 
have  been  deduced  by  the  use  of  the  principle  of  least  work  are  given. 
For  vertical  load  the  following  cases  have  been  analyzed:  (1)  single 
story,  single  span;  (2)  single  story,  three  spans;  (3)  trestle  bent  with 
tie.  single  span;  (4)  building  frame  with  several  stories  and  several 
.-pans;  and  (5)  bridge  trestle.  For  horizontal  load  the  following  cases 
have  been  analyzed:  (1)  single  story,  single  span;  (2)  octagonal  reser- 
voir or  tank;  and  (3)  rectangular  reservoir  or  tank. 

In  order  to  put  to  practical  test  the  reliability  of  these  formulas 
for  reinforced  concrete  structures,  eight  test  frames  designed  according 
to  the  formulas  found  by  the  analyses  were  made,  and  the  deformations 
produced  in  the  various  parts  of  the  members  by  the  series  of  test  loads 
were  measured.  In  the  design  of  the  frames  requirements  not  touched 
upon  by  the  analyses  referred  to  were  provided  for  in  a  practical  way. 
The  analyses  and  the  results  of  the  tests  have  been  subjected  to  critical 
study  and  discussion.  The  specimens  were  made  in  November  and 
December,  1913,  and  January,  1914,  and  were  tested  in  January, 
February,  and  March,  1914.  In  making  these  tests  the  purpose  was 
to  obtain  experimental  information  along  the  following  lines  which  have 
a  bearing  on  the  design  of  rigidly  connected  reinforced  concrete  frames : 

(1)  The  amount  and  the  distribution  of  stresses  in  the  rein- 
forcement and  in  the  concrete 

(2)  The  continuity  of  the  composing  members  of  a  frame 

(3)  The  location  of  sections  of  critical  stress 

(4)  The  reliability  of  a  reinforced  concrete  frame 

(5)  The  applicability  of  the  theoretical  formulas  in  the  design 
of  frames. 

experimental  work  was  done  as  a  research  problem  of  the 
n faring  Experiment  Station  of  the  University  of  Illinois. 
The  work  was  under  the  charge  of  Professor  Arthur  N.  Talbot, 

to  whom,  afl  well  as  to  other  members  of  the  staff,  acknowledgment  is 

due  for  valuable  suggestions  and  aid. 

The  limits  of  space  set  for  this  bulletin  will  not  permit  publication 

of  even  a  small  part  of  the  details  of  the  derivation  of  the  formulas 
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found  nor  of  the  observations,  calculations,  and  other  data  of  the 
tests.  Instead  the  plan  has  been  followed  generally  of  giving  the 
formulas  found  from  the  analyses  without  the  details  of  the  derivation 
and,  in  the  case  of  the  experimental  work,  of  showing  graphically  the 
main  stresses  that  were  observed  at  the  principal  loads,  and  of  not 
including  details  of  the  data.  The  original  and  the  reduced  data  and 
more  detailed  work  of  the  analyses  are  on  file  at  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois. 
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II.    The  Analysis  of  Rigidly  Connected  Frames 

4.     Notation. — The  following  notation  is  used  generally  throughout 
the  bulletin: 

A  =area  of  cross-section  of  a  member.  Numerical  suffixes  are 
used  for  individual  members  when  a  frame  is  composed  of 
members  of  different  sizes. 

A  is  also  used  as  a  coefficient  to  represent  certain  alge- 
braic expressions. 

a  =  distance  from  the  left  corner  or  axis  of  a  frame  to  the  point 
of  application  of  a  concentrated  load  on  a  top  beam. 

b  =  distance  from  the  right  corner  or  axis  of  a  frame  to  the 
point  of  application  of  a  concentrated  load  on  a  top  beam. 

E  =  modulus  of  elasticity  (considered  as  constant)  of  the 
material. 

H  =  horizontal  reaction  acting  at  the  end  of  a  column. 

/  =  moment  of  inertia  in  general. 

h  =  total  vertical  height  of  frame. 

I  =  total  length  of  horizontal  span  of  frame. 

s  =  length  of  an  inclined  member. 

m  =  ratio  of  moment  of  inertia  of  horizontal  member  to  that 
of  vertical  member. 

n  =—r-  =  ratio  of  height  of  frame  to  length  of  span. 

M  =  bending  moment  in  general. 

N  =  normal  force  or  stress  on  a  section  (total  internal  force 

normal  to  the  section). 
P  =  a  concentrated  load. 
p  =  intensity  of  a  uniformly  distributed  load. 
V—  vertical  reaction. 

=  unit  stress  in  steel  in  tension. 
}'H  =  unit  stress  in  steel  in  compression. 

=  unit  stress  in  concrete  in  compression. 

in  the  diagrams  representing  the  forms  of  the  frames  analyzed, 

ends  of  members  are  indicated  by  lower  case  letters  and  the  symbols 

for  the  properties,  forces,  and  moments  use  these  letters  as  subscripts 

to  indicate  the  members  to  which  they  apply  as  well  as  the  point  of 
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application.  The  method  of  use  will  be  made  clear  by  the  following 
examples  and  by  reference  to  Fig.  6: 

//     =  horizontal  reaction  at  a. 

/„,,   =  moment  of  inertia  of  member  ab. 

hbc   =  vertical  height  of  be. 

lbr    =  length  of  horizontal  projection  of  be. 

M ,, ..  =  bending  moment  at  any  point  in  be. 

5.    Statically  Determin  I  Indeternunati  Systems  and  X umber 

of  Statically  Indeterminate*. — A  force  is  said  to  be  statically  determinate 
when  its  direction  and  magnitude  and  its  point  of  application  are  known 
from  the  conditions  of  static  equilibrium.  The  conditions  of  static 
equilibrium  for  any  number  of  forces  in  a  plane,  as  is  generally  well 
known,  are  three,  that  is  to  say. 

(1)  T  =  0,  or  the  algebraic  sum  of  all  vertical  forces  acting 

on  a  body  is  equal  to  zero. 

(2)  X  =  0,  or  the  algebraic  sum  of  all  horizontal  forces  acting 

on  a  body  is  equal  to  zero. 

(3)  il/  =  0,  or  the  algebraic  sum  of  the  moments  of  all  forces 

i  qua!  to  zero. 

The  loads  to  which  structures  may  be  subjected    art-    always    given 
The  other  external  forces  are  the  reactions  due  to  the  loads.     The 
reactions  are  exerted  by  the  supports  of  the  structure,  and  in  order 
that  they  may  be  determined  from  the  statical  conditions  the  total 
number  of  unknown-  must  not  i  The  ordinary  true 

without  redundant  members  are  alwaye   statically  determinate  if  a 
fhctionless  pin  is  used  at  each  joint    and  it'   in  the  determination  the 
effect  of  the  Longitudinal  deformation  of  members  on  the 
neglected.     It'  a  case  in  which  two  members  meet  at  a  joint  i-  considered 
as  shown  in  Fig.  1,  two  unknown  for  st  at  the  joint,  the  vertical 


Ik..  1.    Siiipli    Mr-  kill    nmiii  '  [hated  Load 
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and  horizontal  forces,  and  therefore  the  total  number  of  unknown 
forces  due  to  the  external  force  P  is  six.  But  each  member  will  give 
three  statical  conditions  as  stated  before,  and  therefore  this  is  a  stati- 
cally determinate  system. 

In  studying  the  behavior  of  statically  determinate  and  statically 
indeterminate  systems,  the  conception  of  the  connection  of  members 
by  means  of  joint  bars  is  a  convenience.  In  Fig.  2  (a)  the  two  members 
are  not  connected.     They  are  entirely  free  to  move  horizontally  and 


*} 


(a) 


■e 


(c) 


(e) 


0) 


Fig.  2.     Illustrations  of  Degree  of  Indeterminateness  by  Means  of 

Joint  Bars 

vertically  and  also  are  free  in  rotation;  accordingly  it  may  be  called 
the  arrangement  having  three  freedoms  in  motion.  An  example  of 
this  arrangement  is  a  touching  joint  between  the  free  ends  of  cantilever 
beams  as  shown  in  Fig.  2  (b).  In  Fig.  2  (c)  two  members  are  connected 
by  a  single  bar,  and  they  are  prevented  from  moving  vertically,  but 
are  free  to  move  horizontally  and  to  rotate  about  a  point  A.  This 
may  be  called  the  arrangement  having  two  freedoms  in  motion.  An 
example  of  this  arrangement  is  the  frictionless  roller  end  of  a  cantilever 
as  shown  in  Fig.  2  (d).  In  Fig.  2  (e)  two  members  are  connected  by 
two  connecting  bars  and  have  only  one  freedom  in  motion,  that  is,  the 
rotation  of  a  member  about  A,  the  intersecting  point  of  two  bars. 
The  crown  hinge  of  an  arch,  Fig.  2  (f),  is  an  example.  In  Fig.  2  (g), 
two  members  are  connected  by  three  joint-bars,  and  may  be  called  a 
rigid  connection  which  allows  no  freedom  of  motion.  The  restrained 
end  of  a  cantilever  beam,  Fig.  2  (h),  is  an  example  of  this  arrangement. 
To  make  a  rigid  joint  it  is  necessary  to  have  three  joint  bars  at 
each  connection  between  members,  and  3$  conditions  of  equilibrium 
must  be  set  up  to  determine  3>S  unknowns  when  the  structure  is  com- 
poeed  of  8  members.     If  the  structure  is  rigidly  connected  to  the  ground, 
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more  conditions  than  3»S  are  required.  Let  a  be  the  number  of  joint- 
bars  needed  to  connect  one  member  to  another,  and  b  be  the  number 
of  joint  bars  needed  to  connect  the  member  to  the  ground;  then  from 
the  existing  3S  conditions  the  following  relation  is  necessary  to  make 
the  structure  statically  determinate, 

o+6=35 

When  the  members  in  the  structure  are  all  rigidly  connected  to  each 
other,  a+b  always  exceeds  SS  and  therefore  the  case  becomes  a  stati- 
cally indeterminate  system  in  which 

a+b-3S  =  m 

where  m  represents  the  number  of  the  statically  indeterminate  forces. 
Such  a  system  is  called  //i-fold  >tatically  indeterminate,  and  m  addi- 
tional equations  of  condition  are  necessary  to  determine  these  unknowns. 
Fig.  3  pive?  a  few  example 


f8F 


I         1 


WW'to  W^  W'ccj  W 
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W- 


* 


W'm  w 


w 


aft 


w^ 


(e) 


m^ 


:>.    Ttpe8  of  1  op  V  akious  D: 


Case  a.     a+ 6  —  35  =  5+1  —  9  =  0,    th<  statically    d< 

ininat 

Caseb.    a+6-3S  =  G+4-9  =  1,    L-fold    statically    indeter- 
minate 

Casec.    a  +  L  6+12-9-9,    9-fold    statically    ind< 

ininai 

Cased.    0+6-35—18  2]   «15,   L5-fold  statically  inde- 

termini 
.    0+6-35-36+3-30-9,  9-fold  statically  ind< 

minat 
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In  general  the  change  in  length  of  a  member  due  to  the  direct 
stresses  in  the  member  will  have  an  effect  on  the  magnitude  of  the 
stresses  developed.  However,  as  is  shown  in  a  later  paragraph,  this 
effect  is  very  slight  in  all  ordinary  forms  of  construction  and  has  been 
neglected  in  stating  the  method  of  determining  the  degree  of  indeter- 
minateness.  Consequently  in  any  member  in  which  the  change  in 
length  due  to  the  direct  stress  has  an  appreciable  effect  on  the  stress 
developed,  the  criterion  stated  does  not  apply.     Fig.  4  illustrates  such 


a  case. 


P 


i 


Fig.  4.     Type  of  Structure  in  which  Effect  of  Normal  Force  is  Great 

6.  Principle  of  Least  Work. — By  a  law  of  nature,  the  principle 
of  least  work,  the  resisting  forces  will  develop  no  more  energy  than  the 
minimum  which  is  necessary  to  maintain  equilibrium  with  the  external 
forces;  or  in  other  words,  the  external  forces  are  so  adjusted,  among 
themselves,  as  to  develop  internal  forces  in  the  structure  which  will 
make  the  total  internal  work  of  resistance  of  the  internal  forces  a 
minimum.  When  forces  act  upon  an  elastic  system  in  which  the 
deformations  are  proportional  to  the  stresses,  the  principle  of  least 
work  may  be  applied  to  determine  the  statically  indeterminate  forces. 

The  principle  of  least  work  has  been  known  for  a  hundred  years, 
but  the  first  complete  announcement  of  this  theorem  was  given  by 
-tigliano  in   1879.     Professor  Cain  expresses  the  principle  in  the 
following  words:* 

"The    elastic   forces    experienced   between   the   molecules    after 

deformation  correspond  to  a  minimum  of  the  work  of  deformation  of  the 

-tern,  expressed  as  a  function  of  certain  stresses,  taken  with  respect 

stresses  successively,   regarded   as  independent  during  the 

differentiation." 

Professor  Hiroit  translates  Castigliano 's  expression  of  the  prin- 
ciple of  Least  work  in  the  following  words:     "The  partial  derivatives 


'iv.  En*.,  Vol.  XXIV,  p.  291. 
M,  by  I.  Hiroi. 
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of  the  work  of  resistance  with  respect  to  statically  indeterminate  for 
which  are  so  chosen  that  the  forces  themselves  perform  no  work  are 
equal  to  zero. ' ' 

The  total  internal  work  may  be  subdivided  into  the  parts  due  to 
bending  moment,  normal  stress,  and  shearing  stress. 

The  total  work  due  to  the  bending  moment  M  in  a  member  will 
be 

fM*dx 
Wl  =  j2ET 

For  the  total  internal  work  due  to  a  total  normal  stress*  N  on  a  section 

fX2dx 
W2  =  J2EA 

If  shearing  s4  is  uniform  over  the  cross-section,  the  expression 

for  the  internal  work  due  to  shearing  stress  is 

dx 
A 

where  G  expn  the  >hearing  modulus  of  elasticity  of  a  material. 

Since,  however,  the  shearing  stress  is  not  uniform  over  the  cross-section-, 
the  expression  for  the  internal  work  due  to  shear  i<  modified,  and 


f&d 


[K&dx 

W*-J    2GA 

where  K  is  a  known  factor  for  a  specified  form  of  the  cross-section. 
Therefore    for    the    total    work    of    resistance, 

ifM  1  fX2dx    .    1  [KS-dx 


GA 

Suppose    that    there   are   n    statically   indeterminate   forces    Pi, 
P2, 1',,  in  an  elastic  system.  According  to  the  theorem  of  ( lastigliano 

dW      f  M  dM  .        f  X    dX  .        fKS   68 
sf,  =rm  JKdx  +i  EA  SF^  +i  GA  dP       ° 

dW      f  M  dM  ,        f  X    dN    .        [KS    d& 

-m-jBidPp+ji        x+jga  ai     =0 


K'JTiJF  '    -  Jj.a  bp  h+jG2         *'° 


'Norm  i  of  the  member. 
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Those  furnish  as  many  equations  of  condition  as  there  are  unknown 
quantities.  The  solution  of  these  equations  will  give  the  exact  formulas 
for  statically  indeterminate  quantities. 

7.  The  Effect  of  Work  of  Normal  Force  on  the  Magnitude  of  Stati- 
cally Indeterminate  Forces. — In  the  general  equation 

J  EI    dPC    ^JEA  dP      ^jga   dPax    u 

dN 

the  second  term  will  disappear  when  j-p  is  equal  to  zero  or,  in  other 

words,  when  the  normal  force*  does  not  contain  any  of  the  statically 
indeterminate  quantities. 

When  a  frame  is  fixed  at  its  column  ends,  the  vertical  and  hori- 
zontal reactions  and  the  bending  moment  at  the  fixed  column  ends 
are  statically  indeterminate.  Generally  the  normal  force  in  any  mem- 
ber contains  these  reactions  as  factors.  But  if  a  frame  having  a  single 
span  is  symmetrical  in  form  and  in  the  manner  of  loading,  the  vertical 
reactions  become  statically  determinate,  and  therefore  the  horizontal 
reaction  is  the  only  indeterminate  term  which  enters  into  the  expression 
of  the  normal  force.  If,  at  the  same  time,  the  columns  are  vertical, 
the  horizontal  reactions  do  not  affect  the  normal  forces  in  the  columns, 
and  in  the  horizontal  members  only  are  the  normal  forces  affected  by 
a  statically  indeterminate  force,  namely,  the  horizontal  reaction. 

From  these  statements  it  will  be  seen  that  the  form  of  frame  which 
will  be  largely  affected  by  the  normal  force  is  that  having  a  sloped 
column  under  a  vertical  load. 

The  frame  shown  in  Fig.  5  is  used  to  illustrate  the  method  of 


1  IO«  ■"•  metrical  Frame  under  Concentrated  Load 


;il  to  a  cross-section  of  the  member. 
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analysis  and  to  bring  out  the  effect  of  the  work  of  the  direct  normal 
force  on  the  magnitude  of  the  statically  indeterminate  forces.     In  this 
case  H  is  the  only  statically  indeterminate  force. 
Taking  the  moment  of  all  forces  about  bf 

T;  l-P{loc,+lb,c,)=0  or  Vb  Jb'c' +l°*P=KP 
and 

Vb.=P-KP  orVb,=(l-K)P 

K  being  used  as  a  general  coefficient. 

In  general  the  internal  work  due  to  shearing  stress  may  be  neg- 
lected, and  the  general  equation  becomes 


J  EI  dHaX  +  J  EA    dH  aX    U 


All  necessary  elements  in  forming  this  equation  are  arranged  in  Table  1. 
Inserting  these  values  in  the  general  equation  gives  the  following 
expression,  in  which  it  is  assumed  that  E  and  I  are  constant: 


1      fh  1        fa 

fi-1   (Vbtan61y-Hy)(-y)sec01dy+gj-l    (Vblbc+Vbx-Hh){-h)dx 

Jo  Jo 


~eY  /   '^Vblbc  +  Vbx-Hh-P(x-lco)\(-h)dx 


(Vl/tand2y-Hy)  (-y)  secd2dy 


El 


'o 


"j  j  /      Inn  I      l>ni-' 


j     V .'■'>■■  di  +  HsinOi)  sindisecdidy+—rz — ^  /  Hdx+  I    Hdi{ 

JO  ^'Uo  Jlc  ' 


/.  i       /     :  Vl/co.s62)+  Hsind2  \sind2secd2dy  =  0 


EA 
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Integrating  and  simplifying  this  equation  gives  the  following 
general  expression  for  the  statically  indeterminate  force  H,  in  which 
the  work  of  the  normal  force  is  fully  counted: 


K[  h,Sbc     2l,Jr,,  +  l2cc.      I ,,-,.- Sf/l,     rindi       sin  Pol  _  j"  (lcr — I 
L  3/bc  2/rc*  3///V         .1  -l,v<  J      L      21 


.   sinO* 


■  J  /  ,,>c>       A,      J 

H  = 

,   ["  Sbr  lcc.  £ftV  1        r.v/'/i^/angi        sind2tand2  lJ(>   1 

L  oibc  irv        o//,v  J        L        Abc  A  fiAcc' j 


where  K  = 


be  Icc'  ■''     V  -I  L 


/ 


In  this  formula,  the  terms  which  contain  Abc,  Acc>,  and  AVij  enter 
because  of  taking  into  consideration  the  work  of  the  normal  forces 
represented  by  the  second  term  of  the  general  equation 

f  M    dM  ,         f  N    dN  A       n 

If  the  effect  of  the  normal  force  is  neglected,  then 

L  3/                  2/                   •>/'.'  J       L      '-/    '              3/f,',.'  J 
H  = P 


IV,,, .        I,y  T  3/„vJ 


In  most  cases  a  value  of  d  greater  than  30  degrees  will  not  be  used, 
because  an  increase  in  6  rapidly  increases  the  horizontal  reaction  at 
the  end  of  the  column. 

Assume  a  case  in  which  o...  =  /..,.'  =  l,,>c>  =  h  =  120  inches.  61=6*  = 
45   degrees,   .1,,, ■  .1..,..  =  Ab-y  =  10  by   12  inches.     Ihc  =  /,.,..=  /hV=  1,000 

in.*    K-4 

When  the  effect  of  the  work  of  the  direct  force  ub  considered, 

//  0  5637P 
If  the  effect  of  the  work  of  the  direct  force  is  neglected, 

//  0  6643P 
The  ditTerence  0.00007'  (O.OOlLff)  is  inconsiderable. 
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In  the  foregoing  example  it  is  seen  that  the  final  formula  is  very 
much  complicated  by  taking  the  direct  force  into  consideration  and 
that  the  effect  of  the  internal  work  of  all  the  direct  stresses  on  the  final 
value  for  statically  indeterminate  stresses  is  inconsiderable  when  com- 
pared with  that  of  the  bending  moment.  The  work  of  the  normal 
force  is  therefore  disregarded  in  making  the  analyses  of  the  frames 
treated  in  this  bulletin. 
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Attention  is  called  to  the  fact  that  even  though  the  effect  of  the 
internal  work  of  the  direct  stresses  may  be  neglected  in  determining 
the  reactions  the  direct  stresses  themselves  can  not  be  neglected  when 
calculating  the  total  stress  in  any  member.  The  direct  stresses  may 
be  added  algebraically  after  the  statically  indeterminate  stresses  are 
found. 

The  effect  of  the  work  of  the  deformation  due  to  shear  is  generally 
so  insignificant  when  compared  with  that  due  to  the  bending  that  it 
may  be  entirely  neglected  without  sensible  error  in  the  calculation  of 
the  internal  work. 

8.  Simple  Frames  under  Vertical  Load. — In  Fig.  6  are  given  forms 
of  a  type  of  simple  frame.  The  form  at  the  left  of  the  figure  is  the 
general  form  of  the  inverted  U-frame,  and  the  others  are  special  cases 
of  this  frame.  The  column  connections  at  the  base  are  hinged  and 
all  other  joints  are  rigid.  Three  forms  of  vertical  loading  are  pre- 
sented— a  single  concentrated  load,  two  concentrated  loads,  and  a 
uniform  load.  For  this  frame  the  statically  indeterminate  force  is 
the  horizontal  reaction  //.  Formulas  for  H,  derived  by  analysis  using 
the  principle  of  least  work,  are  given  in  the  figure  for  the  three  forms 
of  frame  and  for  the  three  loadings. 

Knowing  the  horizontal  reaction  //,  the  bending  moment  and  the 

forces  at  any  section  of  the  frame  may  be  determined  by  the  ordinary 

analytical  method.     For  example,  the  bending  moment  at  the  middle 

of  the  top  beam  for  the  frames  with  two  concentrated  loads  shown  in 

equal  to  tl  ibraic  sum  of  the  moment  of  the  horizontal 

tion  II  with  a  momenl  arm  equal  to  the  height  of  the  frame,  the 

moment  of  the  vertical  reaction  V  about  the  section  considered,  and 

l> 
the  moment  of  a  lo  about  the  section. 

2 

As  a  B]  ecimen  application  of  the  method  of  using  the  principle 

of  least  work,  the  genera]  solution  of  the  frame  and  loading  shown  in 

left-hand  corner  of  Fig.  6  is  given.    The  statically  indeter- 

mi :  is  //.    Tl  I  of  normal  forces  being  !  d,  the 

genera]  equation  of  condition  is 


J  El 


<M/,,.,=o 


El   dH 

All  quantities  necessary  in  forming  the  conditional  equation  for  this 
i  in  Table 
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Table  2 
Elements  Used  in  Conditional  Equations  for  Solution  of  Inverted  U-frame 


Member 

I 

M      • 

dM 
dH 

ab         a'b' 
be         b'c' 

CO           co' 

lab 
He 

lec' 

Px 

2 

-Hy 

-  H  (hab  +  x  tan  S) 

-y 

—  (hab+xtanS) 
-h 

Substituting  the  proper  values  in  the  general  equation  of  condition 


lab 


2sec6 


'be 


m  J/m-m: 


0  L 


Px 


—  HQtab-\-  xtan 


0)1  (A* 


+  xtand)  dx 


_2h_ 
EJC, 


^bc'T 


L. 


Px 
2 


be 


-Hh\x  =  0 


(1) 


Integrating  equation  (1) 


2 
El 


Hif 


2secd 


Px2hnh  .  Px3 


nW         tsecv    rx^nab    rx*  x> 

~J~    o~YTb~c    ~~ 4 ^^-tand~H(habX-\-habx2tand+jtan2d) 


'bo 


2/z 
EL,.. 


Px2 


Hhx 


1     4-  — 

lbc    V^     9 


=  0 


(2) 


be 


stituting  the  limits  in  equation  (2) 


2///c,    2s€cd[  pi?  h ,     pn  ,3 

"£[f(U'''+f)-^']=0 (3) 
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Collecting  the  terms  involving  H  and  those  involving  P 
-^ — r~j —  f  AuVfce+Aufc/i;tia/i0-|-  j  tan-OJH  +  —^ — 

Solving  for  #, 
2sec0  I"  R 


-[j^+l„„„,]+ »(,,.,,  4) 


//  =  • ■ /'      .  .    (5) 

2h\  ..^ecerhlhUc+hJUun e+  & toB, e\+h 

I  be     V  '>  J  I  . 


37 


Substituting  ?&c  secd  =  Sbc  and  fa,  =  2*-  ton 6 

/        I      L  2       3  J 

^—j-^lhlb+habhbc-i-  -!r  ) 


hi 

87, 

H= P  .      .    (6) 

,     frl. 


Fig.  7  gives  sketches  of  the  inverted  (J-frame  having  the  lo.-. 
<nds  of  the  columns  fixed  Equations  of  the  statically  indeterminate 
the  horizontal  reaction,  and  t;  «  moment  a  end  of 

the  column,  as  determined  from  analyses,  are  given  in  the4  figure. 

Knowing  these  indetenninates,  the  moments,  and   the  forces  at 

any    Bection   of   the   frame   may    be   determined    by   ordinary   anal} 

Thus  the  moment  a1  the  middle  of  the  b  in  the 

upper  left-hand  corner  of  I  _.  7      equal  to  th  iraic  sum  of  the 

bending  moment  at  the  lov  I  of  the  column,  Ma,  the  moment 

the  horizontal  reaction  //  with  a  moment  arm  equal  to  the  height  of 

the   frame,   the   moment    of  the   vertical    reaction    V  about    the  section 

p 

adered,  and  the  moment  of  one  load -—about  the  I  g.  7 

_ 

indicate-  the  manner  in  which  the  moment   varies  along    the   meini 

composing  the  frame. 
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Fig.  7.     Simple  Frames  under  Vertical  Load;    Lower  Ends  of  Columns 
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Fi',  S.     id-  i  lngulab  Frame  with  Rigidly  Connected  Tie  at  Base  op 

Columns 

1  ig.  8  shows  a  rectangular  frame  in  which  all  the  joints  are  rigid, 
horizontal  cross  tie  at  the  bottom  of  the  frame  having  rigid  connec- 
tion to  the  columns.     The  equations  of  the  indeterminates  Mb  and  Hb 
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for  this  frame  are  given  in  the  figure.     The  figure  indicates  the  manner 
in  which  the  moment  varies  along  the  membc: 
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Fig.  9.     L-frame  with  Column  Hinged  at  Support 


Fig.  9  shows  an  unsymmetrical  frame,  here  termed  an  L-frame, 
under  uniform  load  and  with  the  column  hinged  at  the  support.  For 
this  frame  the  horizontal  and  vertical  reactions  Hb  and  Vb  at  the  column 
end  are  given  in  the  figure. 

The  maximum  positive  bending  moment  in  this  frame  occurs  at 
the  distance  x  from  c  where 


■o+ft) 

X~      .  .   4/1/,., 


// 


be 


The  value  of  the  maximum  positive  bending  moment  ia  given  in  the 
figure  The  maximum  bending  moment  ia  the  negative  moment  at 
the  wall,  which  ia  also  given  in  the  figui 

1  ig.  LO  Bhows  an  L-frame  in  which  the  column  ia  fixed  at  the  sup- 
port. <  »u  account  of  the  fixity  of  the  column  there  are  three  statically 
mdetermmi  or  thu  frame.  //..  1   .  and  M   or  M  .     The  valuec 

are  given  in  the  figure. 
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Fig.  10.     L-frame  with  Column  Fixed  at  Support 

The  formulas  for  the  maximum  positive  moment  in  the  beam  and 
the  distance  of  the  section  of  maximum  positive  moment  from  c  are 
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hlci\ 
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1  he  manner  in  which  the  bending  moment  varies  along  the  mem- 
composing  the  frames  is  indicated  in  Fig.  9  and  10. 

9.     Single  Story  Construction  with  Three  Spans. — In  the  design  of 

a  bearn-and-girder  or  a  flat-slab  construction  of  a  single  story,  many 

do   not   take  the  effect  of  the  bending  of  columns  on  the 

moments  in  other  portions  of  the  structure  into  consideration.     Authors 

o  have  tried  to  analyze  the  stress  distribution  without  taking  this 

tto  account.     Obviously  a  bending  in  the  columns  will  allow 

"I  bending  moment  at  the  center  of  the  span  of  a  girder  or 

b  loaded  unsymmetrically  with  respect  to  the  column,  and  stresses 

slab  will  be  modified  by  variations  in  the  ratio  of  the  moment 

he  girder  or  slab  to  that  of  the  column  and  of  the  column 
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height  to  the  span  Length.    Testa  have  Bhown  that  columns  may  be 

subjected  to  severe  bending,  and  it  will  be  seen  that  this  will  be  more 
important  for  a  single  story  structure  than  for  others. 

In  actual  eases,  there  may  be  twenty  or  more  spans  in  succession, 
with  different  span  lengths  and  different  cross-section-  of  members,  an  1 
consequently  an  exaci  analysis  is  hardly  possible  with  any  assumption. 


-Load 


Co/umns 


17WP  T7     '"f  v 

^Ground  Level 


- 


' 


■"'I- 


7T ' 


cf 


-\- 


Fro.  11.     ('mm.  ^in<;le  Stokv  Spans;   One  Panel  Loaded 


If  panel  aaf  in  Fig.  11  is  loaded,  the  bending  moment-  in  slab  be, 
nl.  b'c',  and  c'd'  are  so  small  as  to  be  negligible  in  actual  cases.  It 
may  be  assumed,  therefore,  that  the  end  condition  of  slabs  or  beams 
ab  and  a'b'  will,  perhaps,  be  between  the  hinged  and  the  fixed  state 
at  b  and  //.  the  degree  of  fixity  depending  upon  the  ratio  of  moments 
of  inertia  of  the  column  and  the  slab  at  that  joint.  Formulas  will, 
therefore,  be  given  for  both  condition-. 

Fig.  12  shows  the  manner  in  which  the  bending  moment  varies 
along  the  member-  composing  the  frame  for  four  combinations  of  end 


4.  c-* 
\  \W  "4  ft 

3  eobi    i  II  w  in'.  Middle  8p  lm 

I    Ml  0BM1  ^     LOAD!  D 
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conditions  of  beams  and  columns  outside  the  loaded  panel.  The 
formulas  which  have  been  derived  for  these  four  cases  are  given  in 
Table  3. 

Table  3 

Formulas  for  Reactions,  Bending  Moments,  and  Points  of  Inflection  for 
Single  Story  Three-Span  Frames 
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Table  4 

COEFTICIENTB   01    Bl.MUV.    Momkvi    FOR  SINGLE  BtOBT   THKEE-SPAN   1'k.WIK 

a  =  coefficient  of  pi-  for  bending  moment  at  end  of  middle  span, 
/3  =  coefficient  of  pi1  for  bendimj  moment  at  top  of  column. 


a 
9 

Values  of  m 

Values  of  n 

n 

h 

~  1 

Eg 

Ice' 

in  =  7 — 
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In  Table  1  arc  given  values  of  the  bending  moment  ooeffieientfl 
for  both  hinged  and  fixed  ends  at  top  of  column  and  at  end  of  middle 
span  for  nx  ratio-  of  momenta  of  inertia. 
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Fig.  13.     Single  Story  Three-Span  Frame  under  Concentrated  Load 


For  a  three-span  frame  with  concentrated  load  at  the  center  of 
the  middle  panel,  Fig.  13  shows  the  manner  in  which  the  moment 
varies  along  the  several  members  composing  the  frame. 

Assuming  symmetry  about  the  vertical  center  line  of  this  frame 
the  formulas  for  the  horizontal  and  vertical  reactions  are  given  in  Fig.  13, 
and  also  formulas  for  bending  moments  at  top  of  column  and  at  end 
of  middle  span. 

10.  Trestle  Bent  with  Tie.— The  frame  shown  in  Fig.  14,  fre- 
quently termed  the  A-frame,  may  be  used  in  trestle  construction. 
formulas  lor  Mm;  Hb,  and  Hc  are  given  in  the  figure. 

Knowing  the  values  of  M*;  HC)  and  Hh,  the  stresses  at  any  section 

oi  the  frame  may  be  computed.    When  0  =  0,  /6c  =  0,  and  lbc  approaches 

0   making  hcd  =  h  (that  is  when  &=1),  this  frame  becomes  the  same  as 

that  shown  in  Fig.  8  and  the  formulas  for  Mcc.  and  Hc  reduce  to  the 

ie  form  as  those  given  in  Fig.  8. 
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11.     Buildin  Auction  with  Several  Stories  and  Spans. — In  the 

actual  construction  of  buildings  of  reinforced  concrete,  it  is  common 
to  use  a  continuous  Blab  for  floors  supported  by  a  Dumber  of  columns. 
A  loading  which  produces  serious  bending  in  columns  is,  of  course,  an 
entrie  arrangement,  such  as  is  shown  in  Pig.  L5.  The  moments 
of  inertia  of  columns  are  sometimes  .-mailer  than  thof  slabs.  Ac- 
cordingly, the  bending  moment  in  the  iloor  slab  fec'f  is  greatly  modified 
l-y  the  flexure  of  column-  be,  b'e't  od\  and  e'd'. 

In  preeenl  practice,  frequently  little  attention  is  paid  to  this  point. 
and  columns  are  assumed  to  be  rigid  enough  to  resist  the  bending. 
This  assumption  may  l>c  approximately  true   for   the  lower  stories, 
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b'     e' 


■'i  ill'-        <//}\" rmji V>/p/) V//Tn ' 

Fig.  15.     Cross-Section  of  Building   Frame  with  Single  Panel  Loaded 

where  the  columns  have  large  diameters,  but  it  is  not  true  for  the  upper 
stories,  where  the  cross-section  of  columns  is  usually  small,  and  serious 
bending  stress  may  exist  in  the  column  due  to  eccentric  loading.  An 
exact  analysis  is  hardly  possible  because  there  are  many  unknown 
conditions  entering  into  the  solution.  From  a  practical  standpoint, 
it  is  easily  understood  that  the  bending  moment  in  floor  slabs,  gdd'g' 
and  ebb'e',  (see  Fig.  15)  due  to  the  load  on  the  floor  ccf  is  so  small  as 
to  be  inconsiderable  if  the  floors  are  of  moderate  thickness.  That  is, 
the  columns  cb,  c'b',  cd,  and  c'd'  are  practically  fixed  at  b,  b' ',  d,  and  d', 
respectively.     If  the  floor  slabs  are  not    thick    enough  to  keep  the 
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Loaded 
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Table  5 

FORMULAS    FOB   Twd-Stokv 
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column  ends  in  a  fixed  condition,  the  end  condition  of  the  columns 
will  be  between  the  hinged  and  the  fixed  state.  Using  these  assump- 
tions an  analysis  which  is  almost  exact  is  possible.  The  resulting 
formulas  may  be  used  in  the  design  of  buildings.  For  such  a  frame, 
Fig.  16  shows  the  manner  in  which  the  moment  varies  along  the  mem- 
bers composing  the  frame  for  two  combinations  of  end  conditions  of 
beams  and  columns.  The  formulas  for  the  horizontal  and  vertical 
reactions  and  the  bending  moments  are  given  in  Table  5  for  ends  of 
columns  and  beams  hinged  and  for  ends  of  columns  and  beams  fixed, 
the  end  spans  being  equal  in  both  cases.  Formulas  are  also  given  for 
equal  spans  and  equal  moments  of  inertia  of  the  beams  and  for  equal 
spans,  story  heights,  and  moments  of  inertia  of  beams  and  columns. 
Fig.  17  gives  numerical  values  of  the  coefficients  of  pi2  for  the  case  in 
which  ends  of  beams  and  columns  are  fixed,  a.  being  the  coefficient  of 
the  bending  moment  at  the  top  of  the  lower  column  and  (3  the  coeffi- 
cient at  the  foot  of  the  upper  column.     In  Table  6  are  given  values 
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17.     Coefficient  of  Bending  Moments  for  Top  of  Lower  Column  and 
i  M    CTppeb  Column  for  Two-Story  Three-Span  Frame  Having  All 
External  Connections  Fixed 
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Table  6 

Coefficients  of  Bending  Moment  for  Two-Story  Three-Span    Frame  With 
Ends  of  Columns  and  Beams  Fixed 

a  =  coefficient  of  pV-  for  bending  moment  at  top  of  lower  column. 
/3  =  coefficient  of  pp  for  bending  moment  at  foot  of  upper  column. 
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.0330 
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he 
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of  the  bending  moment  coefficients  a  and  /3  for  four  ratios  of  themom< 
of  inertia.  The  frame  with  hinged  ends  has  nine  statically  indeterminate 
quantities,  while  the  frame  with  fixed  ends  has  fifteen  statically  indeter- 
minates.  hut  the  condition  of  symmetrical  loading  shown  greatly 
reduces  the  number  of  these  quantities.  In  the  analyses  it  has  been 
a— umed  that  the  vertical  reactions  at  b  and  d  (also  at  h'  an  I  the 

Bame.    This  assumption  may  not  be  the  real  condition  in  actual  cas 
l»ut  no  effect  is  produced  on  bending  momenta  by  it. 

12.  Frame  with  T)  <  Spans. — In  bridge  or  trestle  construction 
across  a  wide  stream  or  valley,  several  spans  may  l>c  built  continuously 
as  a  monolith.    Because  of  the  necessity  of  providing  expansion  joii 

the  number  of  span-  thus  connected  is  frequently  limited   to   tie 
Rigidly  connected  frames  with  three  spans,  equal    or   unequal, 

may  advantageously  be  Used  for  bridges  of  m  i  AS. 

No    analytical    formulas    for    such    frames    have,    to    tic     v. 

knowledge,  been  published.     Pig.  Is  and  L9  give  the  formulas 

three-span  frame  under  various  conditions  of  loa  1.     1  Jig.  _'  I 

manner  in  which  the  moment   varies  along  the  members  i  ring 

the  frames.    Table  7  gives  value-  of  the  bending  momenl  i  ats 
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Pcc\ 


tfc?4  J^H  q^  »,-+$£ 

Fig.  20.     Single    Story    Three-Span    Frame    with    Four    Columns    Having 

Middle  Span  Uniformly  Loaded 


Table  7 

Coefficients   of   Bending   Moment    for    Single   Story  Three-Span  Frame 

Having  Four   Columns 

a  =  coefficient  of  pi2  for  bending  moment  at  end  of  middle  span. 

0  =  coefficient  of  pi2  for  bending  moment  at  top  of  intermediate  column. 
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at  the  top  of  the  middle  columns  and  at  the  end  of  the  middle  span 
for  the  case  in  which  the  three  spans  are  equal,  the  moments  of  inertia 
of  the  beams  are  equal,  and  the  moments  of  inertia  of  the  columns 
are  equal,  a  uniform  load  being  applied  over  the  middle  span. 


13.     Square  Frame  under  Horizontal  Load. — Hitherto    only   the 

-  in  which  the  load  was  applied  vertically  have  been  discussed. 

It  is  frequently  necessary  to  solve  for  the   statically  indeterminate 

stresses  due  to  a  horizontal  force,  such  as  a  wind  pressure  or  the  braking 
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Horizontal  Reactions  for  Distributed  Loads  and  Concentrated 

Loads 
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force  of  a  locomotive.  The  method  of  determination  of  the  statically 
unknowns  is  the  same  as  that  used  for  frames  with  vertical  loads.  A 
few  cases  have  been  taken  as  illustrations  and  the  resulting  equations 

are  given  in  Fig.  21. 

Another  application  is  the  water  tank  or  reservoir  subject  to  the 
static  pressure  of  water,  such  as  may  be  found  in  filter  plants.  Fig.  21 
gives  two  examples  of  framed  construction-  of  thi<  character.  It  is 
seen  that  for  a  square  tank  having  the  same  walls  oo   the  four  siaes  the 

negative  moment  from  the  formula  for  rectangular  tank  becomes  jy/^J 
and  the  positive  moment  oT'pPj  Bfl  is  known  from  other  SOUroi 

14.  Tht  Nattm  of  tin  Resulting  Formulas;  Relation  between  Hori- 
zontal !!(<'<  n  Frame  under  Uniform  Load  and  under  Concentrated 
Load-  It  is  interesting  and  important  to  note  from  the  results  of  the 
foregoing  analysis  that  there  is  a  fixed  relation  between  the  horizontal 
reaction-  in  the  symmetrical  frame  under  distributed  loads  and  those 
in  the  Bame  frame  under  concentrated  loads.  To  show  this  relation 
a  few  cases  have  been  -elected  as  illustrative.  These  are  shown  in 
Fig.  22. 

It  has  been  stated  previously  thai  there  Lb  also  a  fixed  relation 
between  the  horizontal  thrust  and  the  bending  moment  at  the  fixed 
column  or  beam  ends,  and  the  bending  moment  can  be  expressed  in 
terms  of  the  horizontal  thrust.  The  bending  moment  at  any  section 
of  a  frame  i-  a  function  of  the  horizontal  thrust.  Therefore,  it  may  be 
stated  that  the  statically  indeterminate  stresses  in  the  symn 
frame  have  a  fixed  relation  under  distributed   and   concentrated  loads. 

From  the  foregoing  illustrations  it  will  be  seen  that  the  horizontal 

thrusts  at   the  column  ends  due  to  uniform  and   Centrally   concentrated 

loads  may  be  expressed  in  the  following  form-: 

I  filiform  load,  //  =  K£r 

PI 
entrally  concentrated  load,  //  =  /v  — 

o 

The  coefficient  K  is  the  same  in  both  cases,  but  varies  with  the  form 
of  frame.  The  formula  for  the  horizontal  thrusl  in  the  frame  under 
concentrated  load  may  be  written  directly  if  the   formula  for  thrusl 
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in  the  frame  under  uniform  load  is  known.  An  analysis  of  the  statically 
indeterminate  forces  for  a  given  case  should  first  be  made  to  find  the 
form  of  the  function. 

The  bending  moment  at  the  end  of  the  span  in  these  frames  is : 

For  Case  a,  M  =  -^ ^  -JKi  pP 


3+2mn    12  L    12 


For  Case  a',  Af  =  -5-7-75 5-  =  i£x  - 


3+2ran     8         x    8 


For  Case  b,  M  =  —^ —  ^=#2  P? 


2+mn    12         a    12 


For  Case  b',         M  =  — -? ^-=K2-Pl 


2+mn     8  8 

It  is  known  that  when  a  beam  is  perfectly  fixed  at  its  ends  the  negative 

bending  moments  due  to  a  distributed  load  and  a  centrally  concentrated 

vl2         PI 
load  are  *—  and—-,  respectively.     It  is  seen,  therefore,  that  for  these 

\Z  o 

cases  the  bending  moment  at  the  end  of  the  beam  is  obtained  from  the 
value  of  the  end  bending  moment  of  a  fixed  beam  by  multiplying  by  K, 
a  coefficient  which  depends  upon  the  form  of  the  frame,  but  is  inde- 
pendent of  whether  the  load  is  applied  uniformly  or  is  concentrated 
at  the  center  of  the  span. 

Returning  to  the  nature  of  the  formulas  for  the  horizontal  thrust 

at  the  lower  column  end  of  a  frame,  it  is  further  seen  from  Fig.  22  that 

the  given  constant  relation  between  the  values  of  the  horizontal  thrusts 

for  a  frame  under  a  distributed  load  and  under  a  concentrated  load 

still  holds  for  the  case  in  which  a  frame  is  subjected  to  a  non-sym- 

metrical  load.     These  simple   frames  are    sufficient  to  illustrate  the 

lend  relation.     It  appears,  therefore,  that  for  the  same  frame  the 

fficient  K  remains  constant  and    independent  of    the  method  of 

loading.     This  statement  can  easily  be  extended  to  the  case  of  multiple 

centrated  loads,  for  then  the  horizontal  thrust  is  the  sum  of  the 

horizontal  thrusts  due  to  the  individual  concentrated  loads.     It  will  be 

found  thai  thia  statement  applies  also  to  the  non-symmetrical  frames 

(I  and  d'. 
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Fig.  23.     Locus  of  Intebssctiom  <>k  Reaction  Lines  in  Single  Span  Single 
Story  1'ka.mk  indkh  Single  Concentrated  Load 

For  a  concentrated  load,  it  will  be  of  interest  to  find  the  locus  of 
y0,  the  point  of  intersection  of  the  lines  of  action  of  the  reactions  with 
the  line  of  action  of  the  load  (see  Fig.  23).  In  a  complicated  form  of 
frame,  there  are,  of  course,  many  statically  indeterminate  quantities, 
but  H  is  an  important  one.  The  remaining  statically  indeterminate 
have  always  the  same  factor  in  the  denominator  as  H.  Therefore,  it 
is  very  interesting  to  know  the  form  of  the  expression  for  H.  It  is 
evident   that  //    1  ilg.  23)  is  a  function  of  I,  h,  L  and  P  in  a  given  c 

Since  tin-  moments  at  b  and  b'  (Fig.  23)  are  zero,  the  equilibrium 
polygon  for  the  load  I1  must  pass  through  these  point-.  Taking  the 
moments  of  //  and  V\  about  the  point  o 
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II  and  V  an  known  in  this  case  when  P  and  I  given,  and 
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Therefore 


Vo  = 


'ce'lo'c'    i  V    *JJ-bc 


hj 


I      H  /  I 


T 


or 


y0=2ftM  + 


2hlcc 

Slhc 


This  equation  is  entirely  free  from  lco>f  Z0v,  and  P;  therefore,  y0  is  a 
constant  quantity  for  a  given  frame  and  is  not  changed  by  the  change 
of  the  point  of  application  of  a  load  P.  Accordingly  the  locus  of  the 
point  o  is  a  straight  line  parallel  to  bb'. 

In  the  case  in  which  £££.'  =  1.0  and  ^-  =  1.0,  y0=1®h  .  For  ^cc'  =  2.0 

Ibc  I  3  Ibc 

and^-=1.0,  ^=Mi. 

^  3 

The  equation  for  y0  permits  the  determination  of  the  position  of 
loads  which  gives  the  maximum  reaction  and  stress  in  any  member. 
The  same  method  may  be  extended  to  any  case,  if  it  is  remembered 
that  when  a  column  is  fixed  at  its  end  the  point  of  application  of  the 

reaction  deviates  from  the  neutral  line  of  the  column  by  -==^,  where  Mb 

Vb 

ifi  the  end  moment  and  Vb  is  the  vertical  reaction  at  that  point. 

15.  Effect  of  Variation  in  Moment  of  Inertia  and  Relative  Height 
oj  Frame  on  Bending  Moment  in  Horizontal  Member. —  Fig.  24,  25, 
20,  27,  and  28  give  bending  moment  coefficients  for  the  beam  of  the 
centra]  span  for  several  cases  of  a  three-span  frame  in  which  the  spans 
are  equal,  the  moments  of  inertia  of  the  three  beams  are  equal,  and  the 
momenta  of  inertia  of  the  columns  are  equal.  The  effect  on  the  bending 
moment  caused  by  variation  in  the  relative  values  of  the  moments  of 
inertia  of  members  and  in  heights  of  frames  is  shown  in  these  figures. 

E  or  a  genera]  comparison  it  is  only  necessary  to  consider  the  bending 
d  omenl  at  the  center  of  the  span  for  load  applied  eccentrically  with 
respect   to  the  columns,  since  the  effect  on  moments  at  other  places 
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and  on  thrusts  will  be  similar.     From  the  general  nature  of  the  curves 
shown  the  following  conclusioDja  are  drawn: 

(1)    The  bending  moment  is  increased  rapidly  as  the  value 

of  ~  incna><>  from  (»  to  !..">.  I  mi  l>eyond  that  range  'he  incn 
in  I »<  i i « I i i i u:  momcnl  is  comparatively  smalL 
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Fig.  25.     Coefficient  of  Bending  Moment  at  Center  of  Middle  Span  for 
Single  Story  Three-Span  Frame  Having  Extreme  Ends  of  Beams  Hinged 

and  Column  Ends  Flxed 

(2)  An  increase  in  the  height  of  the  frame  has  an  effect 
of   the  same  nature  on  the  bending  moment  as   an  increase  in 

the  ratio  -—• 

he 

(3)  The  variation  in  coefficient  of  bending  moment  is  wider 
in  the  frame  hinged  at  ends  of  columns  and  beams  than  in  the  case 
of  fixed  ends. 

(4)  By  the  fixing  of  ends  of  columns  and  end  beams  the 
coefficient  of  positive  bending  moment  is  slightly  decreased  from 
that  for  hinged  ends. 
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In  n  union  cases  of   panels  under  uniform  load 

where  the  ratio -p  is  not  far  from  L.Oand  -.—  varies  from  L.5  to  3.0, 

the  bending  moment  at  the  center  of  the  loaded  span  (case  of 

equal  spans    varies  from  about  -t—/'-'  tn  *boui  rrpP,  mi<l  may  lu- 
ll >  ■  ii 

convi  niently  assumed  as    -—id1. 
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Viq.  27.     Coefficient  of  Bending  Moment  at  Center  of  Middle  Span  for 
Single  Story   Three-Span  Frame   Having  Lower  Ends  of   Columns 

Hinged 

16.  Effect  of  Variation  in  Moment  of  Inertia  on  Bending  Moment 
in  Vertical  Member. — The  variation  in  bending  moments  in  column 
ends  due  to  the  variation  in  properties  of  the  members  for  several  cases 
of  a  three-span  frame  is  shown  in  Fig.  17  and  29  and  in  Tables  4,  6, 
and  7.  In  Table  0  the  three  spans  are  taken  as  equal  and  the  story 
height  is  taken  equal  to  half  the  span. 
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Fio.  28     (  "Mii'iiM  ..i    Bending  M < > \n  n  i    w  Cbntbb  oi    M 1 1 > i » i     -      .  worn 
mn'.i.i.  Btobi    l  hki  .  mi.   Sating   Lowxb   Bndc 

Fixed 

Valu<  ts  oi  pi   for  various  values  of         and  .'- 

plotted  in  Kg.  17.  h  ifl  seen  from  the  diagram  thai  for  structural 
having  the  relations  between  -pan  lengths  and  momenta  of  Inertia 
assumed  in  Table  6,  higher  bending  stress  will  exist  at   the  I  the 
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Fig.  29.     Coefficient   of   Bending   Moment   at   Lower   Ends   of    Interior 
Columns  for  Single  Story  Three-Span  Frame  Having  Lower  Ends  of 

Columns  Fixed 


lower  column  than  at  the  foot  of  the  upper  column  and  that  the  varia- 
tions in  moments  of  inertia  assumed  cause  less  variation  in  the  moment 
in  the  upper  columns  than  in  the  lower  columns. 
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III.     Tests  on  Rigidly  Connected  Reinforced  Concrete 

Frames 

17.  Test  Specimens. — Five  types  of  frames  were  selected  for  the 
tests.  The  cross-section  of  the  composing  members  varied  from  8  by  8 
in.  to  %Yi  by  l"/^  m-  The  length  of  span  of  the  frames  was  6  ft.  on 
centers  except  Frame  No.  8,  which  had  three  spans  of  4  ft.  8  in.  The 
height  of  the  frames  varied  from  about  5  ft.  to  about  10  ft.  The  size 
and  disposition  of  the  reinforcing  bars  and  the  dimensions  of  the  frames 
are  shown  in  Fig.  30  to  34.     Data  of  the  frames  are  given  in  Table  8. 

Care  was  taken  in  designing  the  test  specimens  to  secure  continuity 
of  connected  members  and  to  obtain  such  proportions  between  moments 
of  inertia  and  spans  as  would  result  in  high  bending  stresses  in  the 
columns  and  beams  at  nearly  the  same  time.  The  ends  of  the  si 
reinforcing  bars  were  bent  into  hooks  in  the  specimens  having  columns 
fixed  at  the  ends.  Bars  continuous  from  one  end  to  another  were  us  1 
for  all  frames.  The  radius  of  bends  of  the  main  rods  was  about  5  in. 
Several  bars  were  welded  and  these  welds  were  located  at  points  where 
the  bending  moment  was  very  small. 

In  the  frames  with  stirrups,  U-shaped  or  double  U-shaped  stirrups 
were  used.  They  passed  under  the  longitudinal  bars  and  exten  1  •  1 
to  the  top  of  the  beam.  The  size  and  spacing  of  the  stirrups  are  given 
in  Table  8. 
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Fir,.  31.     Size  and  Distribution  of  Reinforcing  Bars  in  Frames  2  and  4 


Ik.    32.     %nm   and   Distribution  of  Reinforcing   Bars  in    Frames  3  and  7 
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Fig.  33.    Si/.r.  and  Distribution  oi    Reinforcing  Bars  in  Prami  5 
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18.  Materials. — The  materials  used  in  making  the  test  frames 
were  similar  to  those  ordinarily  used  in  reinforced  concrete  construction. 
The  sand,  stone,  and  cement  were  taken  from  the  stock  of  the  Labora- 
tory of  Applied  Mechanics. 

A  good  quality  of  crushed  limestone  ordered  to  pa-s  over  a  ^-inch 
sieve  and  through  a  1-incl  was  used.     The  sand  was  of  good 

quality,  hard,  sharp,  well-graded,  and  generally  clean. 

The  reinforcing  bars  were  plain  round  rods  of  open  hearth  mild 
steel.     Test    |  were  taken  from  the  test    frames  after   the   1 

Table  9  gives  the  results  of  the  tension  tests  of  the  steel. 


Table  9 
h  Tests     i  -Reinforcing  Steel 


Nominal 

Diameter 

inch'- 

Yield  Point 
ll).  per 
sq.  in. 

ritini; 

Strength 

lb.  per  sq.  in. 

Per  Cent 
Elongation 
8  in. 

36  2 

55  100 

3 

36  2 

54  200 

26.9 

36  9<  H  i 

54  : 

28.7 

36  700 

54  600 

26.9 

V2 

37  700 

54  200 

0 

Vi 

37  400 

55  900 

1.0 

\\  >-r:»<_i«' 

36  850 

54  783 

27  3 

Universal  Tort  land  cement  was  used  for  all  specimens.  Standard 
briquettes  of  neal  cemenl  gave  an  average  tensili  gth  of  575  lb. 

per  sq.  in.  at  7  days  and  670  11>.  per  Bq.  in.  at  28  days,  and  standard 
briquettes  of  1  '■'>  mortar  207  11».  per  Bq.  iii.  7  days  and  303  lb.  per 
Bq.    in.    at    2s   days.      Briquett  1    '■'>   mortar   made   with    the   sand 

used  in  the  concrete  gave  a  strength  of  27(.)  lh.  per  Bq.  in.  at  7  days 

and  353  11'.  per  sq.  in.  al  2s  days.  Tests  with  the  Vlcat  needle  indicated 
that    initial   Bel    occurred   in   :>   hours  and    L5  minutes  and    final  set    in 

6  hour-. 

Men  -killed  in  this  kind  oi  work  were  employed  in  making  the 
con  seas  taken  in  measuring,  inuring  and  tamping  to  secure 

concrete  a-  nearly  uniform  a-  j >« » — i l »li -.  All  the  concrete  ires  made  in 
the  proportions,  l  pan   cement,  2  p  ind,  and   l  part-  l»y 

volume.    The  mixing  lone  with  a  concrete  mixing  machine. 

The  results  <>t"  compression  I  >u  5-in.  cubes  made  from  the 

concrete  used  in  the  tram-  given  in  Table  in.     Tests  were  m 
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Table  10 
Compression  Tests  of  Concrete  Cubes  and  Cylinders 


:ne 

Maximum  Load 

Frame 

Age 

Maximum  Load 

No. 

at  Test 
days 

lb.  per  sq.  in. 

No. 

at  Test 
days 

lb.  per  sq.  in. 

6  in. 

8x16  in. 

6  in. 

8x16  in. 

Cube 

Cyl. 

Cube 

Cyl. 

1 

64 

1780 

1150 

5 

61 

3070 

2670 

1 

64 

1750 

5 

61 

3100 

1 

64 

1680 

5 

61 

2580 

Aver:  _ 

1740 

Average 

2920 

2 

62 

2210 

1850 

6 

62 

2605 

2310 

2 

62 

2250 

6 

62 

2445 

2 

62 

2540 

6 

62 

2510 

Average 

2330 

Average 

2520 

3 

73 

2860 

2050 

7 

60 

2140 

1970 

3 

73 

2820 

7 

60 

2390 

3 

73 

2840 

7 

60 

2220 

Aver 

2840 

Average 

2250 

4 

66 

2600 

1910 

8 

63 

3288 

3060 

4 

66 

2580 

8 

63 

3900 

4 

66 

2570 

8 

63 

3653 

Average 

2580 

Average 

3614 

jn  one  8  by  16-in.  cylinder  for  each  frame,  and  the  axial  deformation 
ivas  measured  to  give  a  means  of  judging  of  the  modulus  of  elasticity 
jf  the  concrete  used  in  the  frames.  Fig.  35  gives  the  stress-deformation 
liagrams  for  these  cylinders.  Table  10  gives  the  compressive  strength 
jf  the  cylinders. 


19.  Malituj  and  Storage  of  Test  Frames. — It  had  been  hoped  to 
make  the  frames  in  a  vertical  position  similar  to  that  in  practice,  but 

use  of  the  difficulty  and  added  expense  in  doing  this,  all  the  frames 
were  built  directly  on  the  concrete  floor  of  the  laboratory  in  a  hori- 
zontal position  with  a  strip  of  building  paper  beneath  the  forms. 

The   forms   were  generally   removed    after   seven   days,    and   the 

ton*  lifted  from  the  horizontal  position  after  thirty  days  and 

kepi  in  a  vertical  position  in  the  laboratory  where  they  were  made 

until  the  day  they  were  tested.     They  were   dampened  every  morning 

tor  two  weeks  after  making  to  prevent  too  rapid   drying,  and  were 
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dampened    occasionally    after    that    time, 
room  ranged  from  55  to  70  degrees  F. 


The    temperature    of    the 


20.     Testing. — To  develop  high  stresses  in  the  beam  and  in  the 

columns  nearly  at  the  same  time  one-third  point  loadings  were  used 
for  many  of  the  frames.  In  Frame  5  the  centrally  concentrated  load 
wbs  used  to  develop  as  high  a  flexural  stress  in  the  columns  a<  possible. 
In  Fran  i  N  in  order  to  see  the  effect  of  the  eccentric  load  on  the 
adjact  m  spans  and  at  the  same  time  to  produce  high  bending  - 
in  the  middle  beam  and  in  the  central  columns,  a  uniform  load  on  the 
middle  span  was  selected,  the  load  being  applied  through  a  number  of 
spiral  sprifl 
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The  j"  sitione  of  the  loads  for  the  different   frames  are  -down  in 

to  13.    The  specimens  w(         ited  in  the  600,000-lb.   EUehle 

testing  inacliine  in  the  Laboratory  of  Applied  Mechanic-  of  the  Qni- 

it>  of  Illinois.  Deflections  were  read  on  some  of  the  frame-.  The 
deformations  of  I  md  of  the  concrete  were  measured  al   the 

various  pan-  of  the  frames  for  each  load  applied. 
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Fia.  37.     Observed    wi»  Oomii  n  »  >  in   I  i;aub  2 
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Extensometers  of  the  Berry  type  were  used  in  measuring  the 
deformations.  The  method  of  using  these  instruments  is  described 
in  Bulletin  64  of  the  Engineering  Experiment  Station  of  the  University 
of  Illinois,  '  'Tests  of  Reinforced  Concrete  Buildings  under  Load," 
and  in  a  paper  in  Proceedings  of  the  American  Society  for  Testing 
Materials  for  1913,  "The  Use  of  the  Strain  Gage  in  the  Testing  of 
Materials."  Variation  in  temperature  is  sufficient  to  cause  an  appre- 
ciable change  in  the  length  of  the  instrument.  Hence  observations 
on  an  unstressed  standard  bar  of  invar  steel  were  taken  for  the  purpose 
of  making  temperature  corrections.  Small  steel  plugs,  about  one  inch 
long,  were  set  in  plaster  of  paris  in  the  concrete,  where  the  concrete 
deformations  were  to  be  measured.  Small  gage  holes,  0.055  in.  in 
diameter,  were  drilled  in  the  reinforcing  bars  and  in  the  steel  plugs- 
Two  sets  of  initial  readings  were  taken  before  the  application  of  load- 
A  complete  set  of  observations  of  the  deformations  was  taken  at  each 
increment  of  load.  In  reducing  the  strain  gage  readings  to  stress, 
temperature  corrections  were  made.  These  were  based  on  an  assumed 
linear  variation  of  length  with  time  between  successive  readings  on  the 
standard  bar. 

The  smallest  number  of  gage  lines  on  any  frame  was  75  on  Frame  1 ; 
the  greatest  number,  163,  on  Frame  8.  The  gage  lengths  used  were 
2  in.,  4  in.,  and  8  in.  The  average  deformation  over  the  gage  length 
was  used. 

The  faces  of  the  test  frames  were  whitewashed   to  enable  the 
appearance  of  cracks  and  their  growth  to   be   more  easily  observed. 
The  extent  of  the  cracks  at  the  several    loads  was  marked  on  the  speci- 
men during  the  test. 

21.  Explanation  of  Tables  and  Diagrams. — The  loads  given  in 
the  various  tables  and  figures  are  the  loads  applied  by  the  testing 
machine  and  do  not  include  the  weight  of  the  frame  itself.  The  load 
at  first  crack  is  the  load  noted  when  the  first  fine  crack  was  observed 
during  the  test.  The  ultimate  load  is  the  highest  load  applied  to  the 
cimen  just  before  the  load  carried  began  to  decrease  slowly.  The 
maximum  tensile  and  compressive  stresses  are  the  highest  stresses 
ed   at   the  points  specified.      The  vertical    shearing  stress  was 

calculated  with  the    ordinary  formula  v=  =-rj,  where  v  represents  the 

vertical  shearing  unit-stress  in  the  concrete,  V  the  total  vertical  shear 
at  the  end  of  the  beam,  b  the  breadth  of  the  beam,  and  jd  the  distance 
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from  the  center  of  the  steel  to  the  center  of  the  compressr 

in  the  concrete.    The  bond  stress  in  the  beam  was  computed  by  means 

V 

of  the  formula  u  = tv  wl  -  the  bond  stress  per  unit  <>i  area  oi  the 

mojd 

surface  of  the  reinforcing  steel,  m  the  number  of  reinforcing  bars,  and  o 

the  circumference  or  periphery  of  one  reinforcing  bar.     The  values 

jd  were  selected  with  reference  to  the  amount  of  reinforcing  steel  and 

the  modulus  of  elasticity  of  the  concrete. 

Loads  are  given  in  pounds,  unit-stresses  in  pounds  per  square  inch, 

and  moments  in  inch-pound-. 

■ALE    11 

Values  oi  Modulus  oi  Elasticity  i  sect  uses  m  8n 

KPUTATK 


Frame 

E 

Frai 

E 

1 
2 

1 

2  LOO  000 

mi  ooo 

2  070  000 

3G0n  000 

5 

7 

000 

i  loooo 

; 00  "mi 

The  so-called  observed   si  have   been    obtained    from  the 

served  deformations  by  using  a  modulus  of  elasticity  of  30,000,000  11). 

persq.  in.  for  the  steel,  and  for  the  concrete  the  values  given  in  Table  1 1. 

Table  12  contain-  genera]  data  of  the  tests  of  the  frames. 

Table  13  gives  computed  stresses  at  the  three  point-  in  each  frai 

which  are  shown  in  Pig.  ll.  calculated  by  means  of  the  formulas  given 

in  the  preceding  pages,  the  values  being  expressed  in  terms  of  the  Load 

applied  to  the  frame.      The  values  in  column-   marked  I  uviv  obtained 

on  the  assumption  thai  the  concrete  has  full  tensile  strength;  those  in 
columns  marked  ll  on  the  assumption   of   no  tensile  strength, 
division  of  the  direci  stress  between  concrete  and  steel  was  computed 
by  the  usual  formula-  for  reinforced  concrete  columns. 

Other  explanations  of  tables  and  diagram-  are  made  elsewhere. 


22.     /                      Frarru    Teste.     A-   may  be  expected  in  rein- 
forced concrete  Qexural  members,  the  tensilt  in  the  steel  v. 
very  small  at  low  loads.     Undoubtedly  tin-  largely  due  to 
the  ability  of  the  concrete  to  carry  tensile  stress,  \-  so  >n  a<  the  con- 
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crete  on  the  tension  side  of  the  member  was  sufficiently  stretched,  a 
vertical  tension  crack  formed  on  the  beam  underneath  the  load  and 
then  a  crack  formed  at  the  side  near  the  juncture  of  the  column  and  the 
beam,  in  most  cases.  After  the  formation  of  these  cracks,  the  tension 
in  these  parts  was  taken  mainly  by  the  reinforcing  bars.  As  the 
loads  were  increased  the  cracks  developed  and  new  cracks  appeared 
on  the  tension  side  between  the  points  of  application  of  the  load  on 
the  beam,  and  horizontal  cracks  formed  at  regular  intervals  in  the 
columns. 

The  tensile  stress  due  to  the  negative  bending  moment  within  the 
space  occupied  by  the  juncture  of  the  beam  and  the  column  was  small, 
and  in  these  places  tension  cracks  did  not  form  in  many  frames  until 
high  loads  were  applied.  The  bent-up  bars  in  the  beam  came  into 
action  as  soon  as  tension  cracks  formed  in  their  vicinity,  and  in  the 
bent-up  portions  tensile  stresses  as  high  as  22,000  pounds  per  square 
inch  were  developed  in  several  instances.  The  tensile  stresses  in  the 
steel  at  the  fixed  ends  of  the  columns  were  rather  low.  The  tensile 
strength  of  the  concrete  in  this  part  apparently  reduced  the  tensile 
stress  in  the  steel. 
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High  compressive  stresses  were  developed  in  the  concrete  in  the 
upper  portion  of  the  columns  below  the  intersection  with  the  beam, 
and  the  maximum  compression  was  observed  along  the  -harp  corner 
at  the  juncture  of  the  beam  and  the  column,  as  might   be  expected. 

This  is  due  to  the  curved  beam  action  at  tin*  rigid  joint.  In  each  frame 
the  maximum  load  was  higher  than  the  Load  expected. 

Mews  of  the  frames  which  -how  the  location  of  cracks  are  given 
in  Fig.  49  to  57. 

The  general  phenomena  of  the  tests  of  the  individual  frames  are 
given  in  the  following  brief  notes. 

Frame  1 — Square  Frarru  with  Column*  Hinged  ai  Lower  End. — 
Nominal  span  length  wi  t.     Total  height  was  5  ft.  2  in.      Frame 

was  loaded  at  the  one-third  points  of  t he  span  of  the  horizontal  member. 
Fig.  49  shows  the  frame  in  the  testing  machine.  The  location  of  the 
cracks  is  shown  in  Fig.  51.  At  the  12,000-lb.  load  the  first  fine  crack 
in  the  beam  appeared  directly  under  a  load  point  and  extended  from 
the  bottom  of  the  member  vertically  1  in.  to  the  level  of  the  reinfoi 
meiit.  At  the  Bame  load  the  first  noticeable  cracks  appeared  in  the 
columns,  one  in  the  outsidi  ge  of  the  column  on  a  level  with  the 
bottom  surface  of  the  beam  and  one  at   2  ft.  .">  in.  from  the   bottom  of 

each  column  end.     No  crack  appeared  in  the  top  side  ^\  the  beam  until 

the   load   was   increased   to   36,000   11).      At    that     load    CT8  ppeared 

8  in.  from  the  top  corner  of  the  frame  and  extended  vertically  downward. 

The  frame  carried  40,500  lb.  and  t  he  Load  was  held  for  a  lew  min\ 
and   then   dropped   very   -lowly.      The  crack-   were  well    distributed   in 

the  tension  /one  of  the  frame  and  no  crack  due  to  diagonal  tension 
-  formed.     The  frame  failed  by  ten-ion  in  the  reinforcemenl  of   the 

beam. 

Finnic  2 — Inverted  I  -j  lumns  Hinged  at  L     ■    End* — 

Nominal  .-pan  length  and  total  height  nch  6  ft.      Load  was  applied 

at    the  center  of  the  .-pan  of  the  horizontal    member.        The  location  of 

cracks  is  shown  in  1  _    52.     At  8,000  lb.  two  crack-  appeared  2  in. 

on  each  side  of  the  center  of  the  top  beam  and  extended  Upward  2  ill. 
and  3  in.,  respectively.  Ai  12,000  lb.  these  crack-  had  extended  ver- 
tically I)  in.   from   the   bottom   -urface  of    the    beam,   and  a   new  crack 

appeared  ju.-t  inside  the  right-hand  corner  hi  inches  from  the  center 
of  the  beam  and  extended  diagonally  toward  the  load  point  At  the 
Bame  load  four  ciack-  appeared  at  the  outer  shoulders.     At   14,000  lb. 
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the  cracks  were  extending.  Unfortunately  at  this  load  the  foot  of  one 
of  the  columns  slipped  outward  about  \i  in.  due  to  the  lack  of  sufficient 
friction  to  resist  the  horizontal  thrust  at  the  support.  However,  satis- 
factory information  was  obtained  because  very  high  tensile  stress 
(32,900  lb.  per  sq.  in.)  had  been  developed  at  the  center  of  the  beam 
before  the  slipping  occurred. 

Frame  3 — Square  Frame  with  Columns  Fixed  at  Lower  End. — Nomi- 
nal span  length  was  6  ft.  Total  height  of  frame  from  fixed  column  end 
was  4  ft.  11  in.  Loads  were  applied  at  one-third  points  of  span  of 
horizontal  member.  No  noticeable  cracks  appeared  until  21,000  lb. 
had  been  applied,  when  three  cracks  appeared  at  the  bottom  between 
loads  and  several  cracks  appeared  in  both  columns.  At  30,000  lb. 
new  cracks  appeared  in  the  beam  and  columns,  and  one  crack  appeared 
at  the  top  of  the  beam.  The  location  of  the  cracks  is  shown  in  Fig.  53. 
The  cracks  in  the  upper  part  of  the  columns  were  located  within  14  in. 
downward  from  the  extended  line  of  the  bottom  face  of  the  beam.  No 
crack  was  observed  at  the  fixed  ends  of  the  columns.  The  frame 
carried  60,000  lb.  and  the  load  was  held  for  a  few  minutes,  then  dropped 
very  slowly,  and  there  appeared  to  be  no  danger  of  sudden  failure.  No 
diagonal  tension  crack  appeared  in  the  beam,  and  the  frame  failed  by 
tension  in  the  longitudinal  steel  of  the  beam. 

Frame  4 — Inverted  U-frame  with  Columns  Hinged  at  Lower  End. — 
Nominal  span  length  was  6  ft.  Total  height  of  frame  was  6  ft.  3  in. 
from  hinged  end  of  columns.  Loads  were  applied  at  one-third  points. 
At  10,000  lb.  the  first  noticeable  crack  appeared  at  the  left-hand  inside 
top  corner,  and  extended  2Yi  in.  upward.  Cracks  are  shown  in  Fig.  54. 
Accidentally  the  frame  was  built  slightly  out  of  form,  the  columns 
being  out  of  plumb  \\i  in.  in  the  height  of  4  ft.,  and  more  stress  was 
thrown  to  the  left-hand  column  than  to  the  other.  The  distribution 
of  the  cracks  shows  this  clearly.  The  frame,  however,  carried  a  com- 
paratively high  load  (50,000  lb.).  Failure  was  by  tension  in  the  steel 
in  the  horizontal  beam  and  at  the  rigid  joint  between  the  columns  and 
the  Bloped  beam. 

/  5     Trestle  Bent  with  Tie — (A-frame). — Span  length    center 

to  center  at  the  supported  column  ends  was  6  feet.     Total  height  from 

th<  top  of  the  frame  was  10  ft.  V/2  in.     Load  was  applied 

center  of  the  top  beam.     The  cross-section  of   the  top  beam 
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Fig.  51.    View  of  Frame  1  after  Test 
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Fig.  52.     View  op  Frame  2  after  Test 
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Fig.  55.    View  of  Frame  6  after  Test 
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WM  8j/£  by  16  in.  and  the  column  section  8]  >  by  8J  ■>  in.  At  in  ,000  lb. 
the  first  two  noticeable  crack-  appeared.  These  were  under  the  load 
points  of  the  beam.     For  location  of  cracks  see    I   _    50.     1  iter 

cracks  of  the  beam  finally  extended  diagonally  nearly  to  the  load  point. 
At  100,000  11).  the  first  cracks  appeared  in  the  column  at  the  outside 
near  its  juncture  with  the  beam.  At  1  10,000  lb.  load  a  crack  suddenly 
occurred  at  the  right-hand  rigid  joint  between  the  tie  and  the  column 

with  a  breaking  BOUnd.      The  frame  carried    146,000  lh.   and    the    V 
gradually  dropped.     The  maximum  load  w:t>  controlled   by  the   failure 
of  the  top  beam  which  failed  by  tension  in  the  reinforcement. 

Frank    5-  Square  Framt    with   Cohtmru   II  nged   cU 
Sank  si  Frann   1.— Load  was  applied  at  one-third  point*  Q  of 

horizontal  member.  ■">.  a  view  of  the  frae  r   the  test,  sh 

the  appearance  of  the  cracks.    At   18,000  lb.  four  cracks  app  two 

of  them  under  the  load  points,  one  near  the  center  of  the  I  md 

one  at  the  upper  part  of  the  right-hand  column.     At  24,000  lb.  the 

cracks  extended  further  :md  additional  cracks  appeared  in  the  beam 

and  columns  at  regular  intervals.     Ai  10  lb.  UCW  CT1 

appeared  in  the  beam  where  the  longitudinal  bar-  were  |bent  up  and 
these  crack-  ran  diagonally  almost   to  the  load    points.     No  crack 

appeared  on   the  top  Side  of  the  beam.      The  frame    carr;  I  lb. 

and  the  load  then  dropped  slowly.     Failure  was   by  ten-ion   in   the 
\  itudinal  steel  in  the  beam. 

Prawn  7    Squan  Frank  with  Column  "  /. 

8.  Load  was  applied  at  one-third  points  of  the  span  of  the 
horizontal  member.  The  location  of  the  cracks  i<  shown  in  1  fig.  56. 
The  first  noticeable  cracks  appeared  at  21,000  lb.,  three  in  the  beam 

and  t  hive  in  the  column 

Ai  30,000  lb.,  the  crack-  had  extended  further  and   t\  ikfl  due 

to  the  negative  bending  moment  appeared  at  the  ends  8  in.  tram  the 

Outside  face  of  the  Columns.      At   the  same  load  tin  formed  in 

the  bottom  half  of  the  beam.      A-  the  load   increased,  the   crack  located 

on  the  outside  of  the  left-hand  load  point  extended  d  dly  sin 

to  the  load  point,  and  the  cracks  at  both  end-  of  the  beam  extended 

vertically  downward  neatly  to  the  bottom  side  Of  the  beam.  The 
ultimate  load  carried  by  the  frame  W8S  61,000  lb.  At  this  load  Bttddeo 
failure  took  place  at  1  oth  in.-ide  OOnterSOf  the  lower  end-  of  the  column- 

and  the  cracks  extended  horisontally  and  vertically  almost  through  the 
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concrete  base  and  almost  through  the  columns.  This  fact  shows  that 
considerable  positive  bonding  was  developed  there.  The  frame  also 
failed  by  tension  in  the  longitudinal  steel  of  the  top  beam. 

Frame  s — Frame  with  Three  Spans. — Span  lengths  were  4  ft.  8  in. 
center  to  center.  Total  height  of  frame  was  6  ft.  734  m-  The  base 
of  the  frame  was  15  ft.  4  in.  in  length,  while  the  length  of  the  base 
of  the  testing  machine  was  10  ft.  6  in.  Consequently  the  ends  of  the 
frame  projected  beyond  the  base  of  the  testing  machine  upon  which  the 
frame  was  bedded  in  plaster  of  paris.  To  observe  the  upward  deflec- 
tion of  the  ends  of  the  frame  under  test  an  Ames  dial  was  attached  at 
each  end  of  the  frame.     The  movements  of  both  ends  were  observed 

the  load  increased.  The  maximum  movements  (upward)  were 
observed  at  60,000  lb.  and  the  amounts  were  1/263  in.  at  the  east  end 
and  1/300  in.  at  the  west  end.  Therefore  the  steel  stress  in  the  beam 
of  the  side  span  may  have  been  slightly  modified  by  the  movement, 
but  the  structure  as  a  whole  probably  was  not  appreciably  affected. 
Uniform  load  was  applied  to  the  upper  horizontal  member  of  the  middle 

o.  Fig.  57  shows  the  appearance  of  the  frame  after  the  test  with 
the  location  of  the  cracks.  No  cracks  were  observed  until  the  load  had 
reached  45,000  lb.,  when  three  cracks  appeared  in  the  middle  span,  and 
one  in  each  outer  span  on  the  top  side  of  the  horizontal  member  near 
the  intermediate  columns.  The  former  are  due  to  the  positive  bending 
moment  and  the  latter  are  due  to  the  negative  moment.  These  cracks 
were  located  symmetrically  and  they  extended  vertically  about  6  in. 
At  60,000  11  >.  they  extended  deeper.  The  frame  was  subjected  to  the 
load  of  60,000  lb.  over  20  hours,  but  the  fall  in  the  applied  load  was 
only  300  lb. 

75,000  lb.  several  new  cracks  appeared  at   both  ends  of  the 
middle  span  and  also  in  the  upper  part  of  the  intermediate  columns. 

this  load  the  reinforcement  at  the  bottom  of  the  middle  beam  was 

I  in  tension  beyond  the  elastic  limit  of  the  steel.     The  frame, 

however,  curried  an  increasing  load  in  good  condition  and  the  highest 

load  was  134,000  lb.     At  this  load  the  crack  at  the  center  of  the  middle 

u  had  opened  considerably  and  the  steel  at  this  place  had  scaled, 

indicating  failure  by  tension  in  the  steel.     At  the  same  time  the  con- 

bhe  top  of  the  intermediate  columns  had  crushed.      Also  the 

cracked  at  the  bottom  end  of  the  right-hand  inter- 

mediate  column.     It  is  noted  that  the  stresses  in  the  outside  columns 

•  TV  low,  even  at  the  maximum  load. 
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23.     Co) /(lit  ions  Considered  in  (heCompar         .    I  thAncdysis. — 

In  the  comparison  of  test  results  with  analysis,  the  following  modi- 
fying conditions  have  been  taken  into  consideration: 

(1)  The  quality  of  the  concrete  was  no1  uniform  over  the  en 
section  of  the  member.     T:  ade  in  a  horizontal  position 
on  the  floor  of  the  laboratory,  and  the  concrete  on  the  rear  side  of  the 
frame  (the  bottom  side  for  the  position  in  which  the  frame  was  ms 
seems  to  have  been  richer  than  tl            the  front  ride.     The  cona 
on  the  rear  side  was  stiff er  and                than  that  on  the  I  ide  and 
the  distribution  of  Bteel  sta                                                    dified   by  I 
fact.    Tin                           sb  in  the  steel  a1  the  i                i  the  member 
than  in  the  sb  el  at  the  front  rid 

due  of  the  observed  stresses  in  the  part   in  question  for  the 
purpose  of  comparison. 

(2)  The  steel  -  greatly  modified  by  the  presence  of 
tension  in  the  concrete  for  the  low  loads.  Therefore  in  comparing  the 
computed  stresses  with  the  ol  must  be  con- 
sidered, one  in  which  the  concrel  rasidered  to  take  tension  and 
the  other  in  which  the  concrete  is  considered  to  be  broken  in  1 

(3)  Tin-  cn  ions  of  the  tesl  frames  were  designedly  mi 
larger  in  proportion  *  span  than  would  commonly  be  used  in  j 
tice.     In  most  of  ti  olumn  width   occupied   nearly 
one-seventh  of  the  nominal  span   (distano       ater  to  center   of 
columns).     In  addition  to  this  the  corner  at  the  juncture  of  the  beam 
and  the  column  was  provided  with  a  fillet.      Under  these  condition-  the 
bending  moment  at  the  center  of  the  beam  will  be  less  than  that  calcu- 
lated on  tl               of  the  nominal  span  length     the   difference   h 

iter    than   that    occurring    with    the   dini'  und    in    pract 

In  the  computation-  for  the  horizontal  reaction-  the  nominal   -pan 
height  of  the  fran  ater  to  <  ;.     In  finding 

the  numerical  values  of*  the  bend]  t  in  the  beam,  and  ato 

those  in  columns  having  fixed  ends,  the  horizontal  reactions  computed 
as  described  previously  were  used,  but  when  the  equations  involved 
further  use  of  span  lengths  the  nominal  span  length  by 

the  clear  length  of  the  span. 

(4)  The  d<  sign  of  Fram<  -  l  to  7  was  such  hiim  - 
in  column-  and  beams  at  about  the  same  time.     In  Frame  8  the  pi 
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oi  the  members  of  unloaded  panels  caused  the  moments  in  the  columns 
to  be  much  smaller  than  in  the  loaded  beam.  The  base  also  offered  so 
much  restraint  as  to  give  the  column  ends  almost  a  fixed  condition. 
Consequently  loads  which  would  cause  high  stresses  in  the  beams  would 
not  produce  cracks  even  in  the  intermediate  columns  although  the 
moment  there  would  be  greater  than  in  the  outer  columns.  It  will  be 
seen  then  that  for  Frame  8  there  are  two  cases  to  be  considered  in  com- 
paring the  experimental  results  with  the  analyses,  one  in  which  tensile 
strength  in  the  concrete  is  considered  in  all  members  and  the  other 
in  which  the  beams  and  the  intermediate  columns  are  cracked  on  the 
tension  side.  The  bending  moment  in  the  outside  column  is  very 
small,  and  there  is  no  chance  for  tension  cracks.  The  moments  in  the 
intermediate  columns  and  in  the  beams  of  the  side  spans  are  also  small 
except  at  the  extreme  end,  and  only  one  crack  appeared  in  this  member. 
Therefore  in  the  calculation  of  the  moment  of  inertia  of  the  cross -sec- 
tion for  the  second  case  it  is  not  correct  to  neglect  entirely  the  tensile 
strength  of  the  concrete  in  these  two  members.  A  probable  value  for 
the  moment  of  inertia  of  these  members  will  be  an  average  between 
that  obtained  by  using  the  full  cross-section  and  a  section  which  neg- 
lects the  part  outside  the  tension  rods.  This  assumption  was  made 
in  the  numerical  computation  of  the  moments  and  stresses  for  Frame  8. 
In  making  the  computations  of  stress  in  the  concrete  of  the  frames 
a  constant  modulus  of  elasticity  was  used,  that  is,  a  straight  line  stress- 
deformation  relation  was  assumed.  The  selection  of  a  proper  value 
of  the  modulus  of  elasticity  was  somewhat  dependent  upon  a  knowledge 
of  the  qualities  of  the  concrete  of  the  various  frames  and  a  comparison 
of  the  behavior  of  the  frames  with  that  of  the  corresponding  control 
cylinders.  Naturally  the  modulus  of  elasticity  used  was  generally 
-  than  the  initial  modulus.  The  values  of  modulus  of  elasticity  of 
concrete  used  in  the  computations  of  stress  are  given  in  Table  11. 

24.     Comparison   of   Test   Results   with  Analyses. —  The  observed 
obtained  from  the  observed   deformations  by  the 
process  already  described,  have  been  plotted  in  Fig.  36  to  43.     The 
lijiht  full  line  represents  stress  in  the  steel  at  the  nearer  side  of  the 
the  dashed  line  the  stress  in  the  farther  side  of  the  specimen. 
The  dotted  line  represents  stress  in  the  concrete,  usually  at  the  median 
plane.     In  general,  the  stresses  have  been  plotted  from  the  central  longi- 
tudinal axis  of  the  member  in  which  they  were  observed.     Because  of 
i   confusion  resulting  from  this  method  an  exception 
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was  made  in  Frames  2,  5,  and  8,  where  the  stresses  have  been  plot 
from  the  line  showing  the  location  of  the  reinforcing  bar.     Tension  in 
steel  and  compression  in  concrete  when  measured  at  or  Dear  the  inner 
surface  of  a  member  have  been  plotted  in.  thai  is,  toward  the  cenl 
part  of  the  frame  as  a  whole;  ten-ion  in  steel  and  compression  in  con- 
crete when  measured  at  or  near  the  outer  surface  «>f  a  member  1. 
been  plotted  out.     In  only  a  few  cases  have  tension  in  concrete  and 
compression  in  steel  been  plotted.    Both    have   been  plotted  out   if 
measured  on  the  inner  surface  of  a  member  and  in  if  measured  on  the 
outer  surface.     With  very  fen  ptions,  consequently,  steel  - 

represent  ten-ion  regardless  of  whether  in  the  diagrams  they  apj 
as  positive  or  tive  with  reference  to  tl  linateaxes.     Plotted 

concrete  stresses,  likewise,  represent  compression.  The  point  at  which 
the  stress  lini  the  coordinate  axis  represents  the  position  of 

the  point  of  inflection  and  not  a  change  in  the  sign  «»:"  th  -.     The 

vv  full  line  represents  the  computed  stresses  for  both  steel  and 
concrete  which  have  been  calculated  for  various  point-  by  means 
the  formula-  given  in  preceding  pagi 

In  Pig.  l")  and  17  ar«-  given  load-deformation  curves  for  gage  lines 
not  represented  in  the  diagrams  of  Fig.  36  to  i:;.     The  location  of  the 

is  shown  in   Fig.    Mi  and    Is. 
In    Table    H    are   given   values   of   both    observed    and    computed 

stresses  a'  three  points  for  several  loads  for  all  the  frames.  Where  I 
precedes  the  computed  stress  the  calculation   considered   the   tensile 

Strength  of  the  concrete;  where  1 1  precedes  it    and  where  neither  I  DOT  II 

ven,  the  computed  stress  is  based  on  the  assumption  of  no  tensile 

Strength  in  the  concrete. 

A  study  of  the  tables  and  diagrams  seems  t..  justify  the  following 
statements: 

(1)  The  experimental  and   the  computed  values  of  steel  str 

at  the  center  of  the  loaded  top  heam  are  in  fair  agreement  for  each  kind 
of  frame  tested  except  in  a  few  instances  in  which  the  load  WM  com- 
paratively low  or  extremely  high. 

(2)  The  experimental  and  the  Computed  value-  of  the  steel 

in  the  column-  are  also  in  fair  agreement,  but  the  maximum  difference 
between  experimental   and    theoretical  values  is  higher  than  in  the 
l  .t  ams,  owing  to  the  fact  thai  the  direct  stress  is  not  equally  distributed 
t  inn  of  t  lie  column. 
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Table  14 

Computed  and  Observed  Stresses  in  Frames 

Computed  Values  are  given  in  Roman  Type;  Observed  Stresses  in  Italics; 
f.  is  Unit  Stress  in  Steel;  fc  is  Unit  Stress  in  Concrete. 


Frame 

and  Load 


Frame  1 


IS  000 

30  000 

36  000 

Frame  2 
12  000 

I 
II 

Frame  3 
30  000 

I 
II 

38  000 

I 
II 

46  000 

I 

TT 

Frame  4 
10  000  I 
II 


21  000  I 
II 


30  000 

Frai 

•00  I 
II 


80  000  I 
II 


1 00  000  I 

JI 


14  800 

16  100 

24  600 

25  300 

29  500 

31  900 

1  800 
11  600 

5  000 

600 

1400 

900 

2  000 
1  100 
i  800 

1  500 
8  500 

3  400 

3  200 

17  800 
11  700 

25  500 
21  400 

—  1  900 

—  2  bob 

—  3  700 

—  i'/fib 

—  4  700 

—  z  bob 


710 

1 140 

1  180] 

2  560 

1  420 


490 
710 

690 

480 
250 
610 
340 
740 
"400 


B 


410 
540 
590 

860 
1  130 
1  550 

1  620 

2  350 

—  3  0001 

—  3  7001 

—  5  9001 
— "7  800* 

—  7  4001 


10  800 

8  900 

18  000 
17  400 

21  600 

21  300 


11  200 

11  600 


13  200 
11  900 


16  700 
16  700 


20  200 

22  300 

2  000 
8  700 

3  500 


18  300 

16  300 

26  100 

23  700 

—  900 
+ '  1  300 

—  1  900 
+  15  200 

+  4  500 

—  2  400 
+  19  000 
+  9  300 


800 

730 


C 


1  080 

1  520 


1  370 
i  840 


1  660 

340 
630 

680 


1  320 

1  670 

1  890 


—  3  9001 

—  2  2001 

—  7  8001 

—  5  3001 

—  8  5001 

—  9  7001 

—  6  6001 
—10  9001 


16  900 

17  900 

28  200 

28  600 

33  800 

36  000 


21  000 

21  100 


22  800 
18  600 


28  900 
25  700 


35  000 

34  300 


8  700 

7  200 


18  300 

19  300 

26  100 

29  900 


12  000 

10  100 


24  000 

24  800 


30  000 

33  500 


840 
1  240 

1  400 

2  500 


1  350 

<?£0 


1  710 

1  190 


2  070 

1  500 


630 

730 


1  320 

1  540 

1  890 

2  550 
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Table  14 — (Continued) 
Computed  and  Observed  Stresses  in  Frauds 
Computed  Values  are  given  in  Roman  Type;  Observed  Stream  in  Italics; 
f,  is  Unit  Stress  in  Steel;  fc  ifl  Unit  Stress  in  Concrete. 


;  <  Sompressive  strew  in  steel. 

'Concrete  in  beam  under  load  considered  as  broken  in  t<  i 

\  'TV  bigb  stress. 


Frame 

A 

B 

c 

and  Load 

f. 

f. 

f. 

f. 

f. 

U 

Frame  6 
18  000  I 
I 
11 

1  800 
3  700 

540 

2  200 

10  800 
100 

600 

830 
/  1 

1  000 

19  6005 

9  900 

100 

760 

1  170- 
840 
/  080 

30  000  I 
II 

3  000 
24 

900 
1  320 
/  370 

18  000 

/;  700 

1  380 
.30 

31800s 

26  500 

')00 

1  9£ 

1  680 
50 

36  000  I 
II 

100 

noo 

1  030 

21  600 

100 

1  060 

38  2002 
32  900 

too 

2  :540' 
2  021  > 

50 

Fran 

21  000  I 

II 

900 

— 

3  7001 

:ooi 

2  700 

9000 
4  900 

610 

800 

/  560 

16  000 

/.;  ioo 

1  000 
/  630 

38  000  I 
II 

1  600 
400 

6  8001 
>00l 

I  900 
16  300 
12  100 

1  100 
1  440 

3 

28  900 

1  830 

2  900 

46  000  I 

II 

1  900 
700 

8  2001 
700* 

19  800 
16  500 

1  760 
... .  i 

000 
37  000 

2  210 

3 

Frame  8 
80000  I 

1 

6  <>00 
/  300 

6  500' 
6  1001 

1  800 

.'  100 

1  ^00» 

80000  I 

II 

27  7"" 

i  : 

!»00 

7  200 

loOOO1 
1001 

600 
L8  300 

It  - 

7.",  000  I 
II 

160 

2  : 

12  I'M) 

//  500 

lf.2001 

500 
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(3)  The  observed  compressive  stresses  in  the  concrete  at  the  low 
loads  which  developed  a  unit-stress  up  to  about  800  lb.  per  sq.  in. 
agree  reasonably  well  with  the  computed  values  though  in  most  of  these 
cases  the  observed  concrete  stresses  were  somewhat  higher  than  the 
computed  stresses.  In  some  instances  the  discrepancies  ran  up  to 
50  per  cent,  and  for  higher  stresses  the  discrepancies  were  frequently 
even  greater.  Undoubtedly  these  differences  are  partly  due  to  the 
fact  that  the  modulus  of  elasticity  used  does  not  represent  correctly 
the  modulus  of  elasticity  of  the  concrete  in  the  frames.  Other  matters 
difficult  of  explanation  probably  cause  further  discrepancies. 

25.  Effect  of  End  Condition  of  Column  on  Results. — The  secondary 
stresses  which  would  be  expected  as  a  result  of  the  friction  in  the  bear- 
ings at  the  free  ends  of  the  columns  in  Frames  1,  2,  4,  and  6  seem  to 
have  been  very  small  and  may  be  neglected  without  appreciable  error. 

The  concrete  bases  used  for  Frames  3,  7,  and  8  to  secure  the 
fixity  of  the  column  ends  were,  of  course,  not  entirely  rigid,  and  a 
slight  bending  in  the  base  due  to  a  load  may  be  expected  to  have  an 
influence  on  the  bending  in  the  other  members.  Deformation  readings 
at  the  middle  point  of  the  base  were  taken  at  each  increase  in  the 
load.  The  results  of  these  observations  showed  practically  no  bending 
stress  for  all  loads  except  the  ultimate  load. 

26.  Distribution  of  Stress  over  the  Cross-Section. — In  the  observa- 
tions it  was  found  that  stress  in  the  steel  on  bars  near  a  front  corner 
of  a  member  differed  from  that  on  bars  near  a  back  corner  of  the  mem- 
ber, the  front  of  the  member  being  the  top  side  of  the  frame  as  poured 
and  the  back  side  being  the  bottom.  In  Table  15  are  given  stresses  in 
bars  at  front  and  back  at  two  places  on  the  frame  for  one  load  generally 
near  the  maximum.  It  is  seen  that  generally  the  stress  in  a  bar  near 
the  front  of  the  member  (top  of  the  member  as  poured)  is  less  than  that 
in  a  bar  near  the  back  (bottom  of  the  member  as  poured).  To  investi- 
gate the  distribution  further,  special  measurements  were  made  in  the 
columns  of  Frames  6  and  7,  the  gage  lines  being  placed  where  bending 

not  sufficiently  large  to  produce  tension  cracks  in  the  concrete. 

The  ^age  lines  were  located  on  the  four  faces  of  the  column,  and  the 

observations  were  made  at  each  load.     The  front  outer  corner  developed 

the  lowest  tensile  stress  and  the  front  inner  corner  the  highest  compres- 

The  back  outer    corner    developed    the    highest    tensile 
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stress  and  the  back  inner  corner  the  lowest  compressive  stress.     The 
distribution  was  not  much  altered  by  the  increase  of  load. 

The  observations  indicate  a  lateral  bending  and  twisting  of  the 
frame.  It  seems  probable  that  the  main  source  of  the  difference  in 
stresses  from  front  to  back  was  the  lack  of  homogeneity  of  the  concrete, 
that  at  the  bottom  of  the  member  as  poured  being  stronger  and  stiffer 
than  that  at  the  top.  A  difference  in  stiffness  would  at  least  partially 
account  for  the  phenomena. 


p#j 


'■'.•■•;•  -\  Beam 


Column 

Fig.  58.     Connection  of  Beam  and  Column  Showing  Typical  Location  of 

First  Cracks 


27.  Position  of  Point  of  Inflection  in  Columns. — The  position  of 
the  point  of  inflection  in  a  member  of  a  structure  which  is  subject  to 
flexure  is  an  important  element  for  use  in  designing  the  frame.  To 
determine  from  observed  deformations  the  position  of  the  point  of 
inflection  for  a  member,  it  is  necessary  to  separate  the  deformation 
into  that  caused  by  direct  stress  and  that  due  to  flexure  of  the  member. 
The  deformation  in  the  columns  of  Frames  3  and  7  were  thus  separated, 
a  straight  line  stress-deformation  relation  being  assumed,  and  the 
position  of  the  point  of  inflection  found.  The  position  of  the  point 
of  inflection  in  the  columns  of  these  frames  changed  very  little  during 
the  progress  of  the  loading.     For  these   frames  the  point  of  inflection 

-  found  to  be  almost  exactly  at  one-third  the  height  of  the  column, 

-  indicated  by  the  analysis. 


2S.     ('hut, unity  of  the  Composing  Members    of  a  Frame. — In   the 

I  the;  frames  there  was  no  sign  of  discontinuity  of  members  what- 

It  is  apparent  from  the  action  of  the  frames  and  from  the  stresses 
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observed  that  the  str<  sa  -  and  therefore  the  moments  were  well  trans- 
mitted from  member  to  member  by  the  connection.  From  the  results 
it  is  felt  that  thes  isoD  to  have  confidence  in  the  rigidity  of 

connections  in  frame-  that  an-  properly  designed 

In  the  frames  fret   to  turn  at  tin-  lower  column  ends  there  was  a 

tendency  for  a  crack  to  form  mar  the  juncture  at  A  (Fig.  58)  at  a  lower 
load  than  that  at  which  a  crack  appeared  at  B.  In  the  frames  with 
rigid  connection  at  the  lower  column  ends,  the  crack  at  B  appeared  at 

nearly  the  >ame  time  as  that   at    A. 


I 


F-l 


--1- 


£ 


(*) 


I"i(..  59.     Rectangulab  Joint  with  and  without  Fillet 


29     Stresses  at  (  En  the  design  of  a  frame  a  square  corner 

such  a-  that   >ho\vn  at    A  in   1  B     Bhould  be  avoided   for  all  con- 

nection-, for  it  is  well  known  that  theoretically  in  resisting  bending  the 
matt  rial  at  the  corner  would  develop         sively  high  b1  It  i- 

therefore  common  to  n  such  corners  with  iill»:-  a-  shown  in  1 

b  .      No  attempt  will  he  made  to  compute  the  E  3  a!    tin-  fill.!-. 

The  observed  deformations  a1  line-  in  the  neighborhood  of  the 

fillet-   and    within    the   >pace   occupied    by   the    i  the    two 

members  are  plotted  in   Fig.   r>  and   17.    These  deformations  are  of 
int.  -  me  of  these  values  have  been  converted    into   conci 

-  by  the  use  of  the  moduli  of  elasticity  of  the  concrete  already 
imed  and  are  given  in  Table  16. 
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Table  16 

Observed  Stresses  at  Sharp  Corners  in  Frames 

1,  3  and  6 

Stress  in  lb.  per  sq.  in. 


Load 

Frame  1 

Frame  3 

Frame  6 

lb. 

Gage  Line  69 

Gage  Line  81 

Gage  Line  71 

7000 

300 

10  000 

.... 

.... 

310 

12  000 

80 

.... 

14  000 

% 

720 

.... 

IS  000 

670 

450 

21  000 

760 

.... 

24  000 

810 

900 

30  000 

i  460 

1  100 

36  000 

1410 

1320 

38  000 

2  120 

.... 

30.     Conclusions  and  General  Comments. — Some  of  the  conclusions 
which  may  be  drawn  from  the  tests  and  the  discussion  are  as  follows: 

(1)  Considering  the  errors  involved  in  the  measurement  of 
the  deformations  and  in  the  determination  of  the  modulus  of 
elasticity  of  the  concrete,  as  well  as  those  due  to  assumptions  with 
reference  to  the  distribution  of  stresses  across  the  section  and 
over  the  gage  length,  the  results  presented  indicate  a  fair  agree- 
ment between  analyses  and  tests  and  justify  the  conclusion  that 
the  formulas  given  in  the  bulletin  for  statically  indeterminate 
stresses  as  applied  to  reinforced  concrete  structures  will  give  values 
for  stresses  in  the  members  well  within  the  limit  of  accuracy 
required  in  design. 

(2)  The  elastic  action  of  the  frames  under  external  load  and 
the  manner  of  stress  distribution  along  the  members  of  the  frame 
agree  fairly  well  with  the  analyses  given. 

(3)  The  location  of  the  point  of  inflection  in  the  members 
of  the  frames  under  load  agrees  closely  with  the  location  found 
by  analyst 

t      If  a  frame  is  carefully  designed  and  well    reinforced, 
there  need  be  no  anxiety  as  to  the  rigidity  of  a  joint.     Effective 
mtinuity  of  members  has  been  found  in  the  tests. 
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(5)  No  sudden  failure  took  place  in  the  frames  tested.  The 
increase  in  the  deflection  was  uniform,  indicating  as  great  relia- 
bility for  reinforced  concrete  frames  as  for  steel  structure 

(6)  The  load  at  which  the  first  fine  crack  appears  near  the 
juncture  of  members  is  increased  by  fixing  the  lower  column  ends 
of  a  frame.     This  is  obviously  due  to  the  increase  in  horizontal 

thrust  at  the  lower  column  end  over  that  developed  when  the  lower 
end  is  free  to  turn. 

(7)  At  sharp  inside  corners,  high  compressive  stresses  were 

developed  in  the  concrete  due  to  so-called  curved  beam  action  and 
in  several  cases  local  failure  occurred  by  the  crushing  of  the  con- 
crete at    these  corners  under  high   load-. 

(8)  A  Blight  deviation  of  the  axis  of  vertical  members  from  a 
vertical  line,  that  i-  to  say,  a  slight  "out-of-form"  of  the  vertical 
columns,  produced  an  appreciable  variation  in  the  stress  distribu- 
tion in  the  frame. 

(9)  Owing  to  the  existence  of  a  horizontal  thrust  which 
varies  from  —P  to  777^'  in  most  common  cases  of  simple  frames 

o  1 0 

at  the  ends  of  a  vertical  or  inclined  member,  it   is  advisable  to 

incline  the  member  SUghtly  toward  the    direction  of   the    reaction 

at  the  end.  Sneli  arrangement  will  greatly  reduce  the  bending 
stress  in  the  member.  It'  tin-  arrangement  is  not  practicable,  a 
slight  increase  in  the  t<>p  width  of  a  vertical  member  and  a  slight 
decrease  in  its  bottom  width,  brought  about  by  inclining  the  inner 

Surface  and  making  the  outer  surface  vertical  will  add  materially 
to  the  rigidity  of  a   frame  without   a  proportional    increase  in  the 

amount  of  material   used. 

(10)  For  a  frame  having  an  inclined   column,  it   may  he 

possible  to  -.lcct  tht    form  of  frame  in  such  a  way  that    the  column 

will  take  no  bending  stress  throughout  its  length. 

II        Due   attention   should   he   paid   to   the   rigid    joint    I 
tie   member   to    insure   the   -tiff  connection   with   a   main    mem! 

A  marked  tendency  to  cause  a  sudden  breaking  of  such  a  joint 
accompanied  an  ina         of  bending  moment   in  a  main  member. 
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(12)  The  use  of  a  footing  rigidly  connected  to  the  lower 
end  of  a  vertical  member  is  advisable,  for  it  will  reduce  the  bending 
moment  at  the  juncture  of  the  vertical  and  inclined  members.  A 
frame  having  such  a  footing  is  solvable  analytically,  since  it  ap- 
proaches the  case  halfway  between  that  of  the  hinged  end  and 
that  of  the  fixed  end  of  the  vertical  member,  provided  the  founda- 
tion is  sufficiently  unyielding.  A  little  consideration  is  needed  to 
provide  proper  reinforcement  at  the  juncture  of  the  column  and 
the  footing. 

(13)  The  formulas  derived  by  analysis  may  be  applied  to  a 
variety  of  forms  of  frames  and  are  of  wide  applicability. 
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ANALYSIS  0FSTAT1CALLY  [NDETERMINATE  STRUCTURES 
BY   THE  SLOPE   DEFLECTION    METHOD 


I.  Preliionahi 


1.  Object  and  Scop        I  •«. — frames  composed  of  n 
tangular  elements  must  in  genera]  be  designed  with  stiff  connecti 
between  the  members  at  the  joint-,  in  order  that  load-  may  be  <-arri-  d 
These  connections  must   be  capable  of  transferring  oof   only  direct 
axial  tensile  and  compressive              but  also  bending  moments.     It 
follows  that  framee  made  up  of  rectangular  element*  are  u-uall 
icalry  indeterminate;  that  is,  the  stresses  in  them  can  be  found  only 
by  taking  into  account  the  relative  stiffness  and  deformations  of  the 
various  members.     The  common  us  _  riar  frame-  m  engi- 
neering  structures  makes  it  highly  desirable  that  the  most  eonvenii 
methods  of  analyzing  their  stresses  should  be  developed.    The  stres 

in  a  numl  such  rectangular  frame-  have  been  analysed  by 

writers.    This  bulletin  describes  the  methods  used  and  presents  the 
formula-  derived. 

The  bulletin   is  divided   into   two   part-:   the  iir-t    part    1-  d. -voted 

to  the  derivation  of  fundamental  equations;  in  the  second  part,  methods 
and  equations  lerived  for  use  in  determining  moment* 

and  deflections  for  a  variety  of  typical  structure 
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PART   I 

DERIVATION   OF   FUNDAMENTAL   EQUATIONS 

II.  Propositions  upon   which  Fundamental  Equations 

Are  Based 

3.  Statement  of  Propositions. — The  fundamental  equations  used 
in  these  investigations  are  derived  from  the  principal  propositions  of 
the  moment-area  method.*    These  may  be  expressed  as  follows: 

(1)  When  a  member  is  subjected  to  flexure,  the  difference  in  the 
slope  of  the  elastic  curve  between  any  two  points  is  equal  in  magnitude 

to  the  area  of  the  -^j  diagram  for  the  portion  of  the  member  between  the 
hi 

two  points. 

(2)  When  a  member  is  subjected  to  flexure,  the  distance  of  any 
point  Q  on  the  elastic  curve,  measured  normal  to  initial  position  of  mem- 
ber, from  a  tangent  drawn  to  the  elastic  curve  at  any  other  point  P  is  equal 

M 

in  magnitude  to  the  first  or  statical  moment  of  the  area  of  the  -=j  diagram 

between  the  two  points,  about  the  point  Q. 

The  ■==  diagram  is  a  graph  in  which  the  ordinate  at  any  point  is 

obtained  by  dividing  the  resisting  moment,  M,  by  the  product  of 
modulus  of  elasticity  of  material,  E,  and  the  moment  of  inertia  of  the 
section,  I,  at  that  point.  If  E  and  J  are  constant,  the  diagram  will 
be  similar  in  shape  to  the  moment  diagram  for  the  member. 

4.  Proof  of  Propositions.— -The  line  AB,  Fig.  1,  represents  the 
elastic  curve  of  a  member  in  flexure.  Consider  the  elementary  length, 
ds,  of  the  member  shown  in  Fig.  2.  The  angle  between  radii  at  the 
ends  of  ds  will  be  denoted  by  dd.  The  linear  deformation  of  a  fibre 
at  a  distance  c  from  the  neutral  surface  is  cdB,  and  the  unit  deformation 

of  the  same  fibre  is  -=—     From  the  well  known  flexure  formula  the 

as 


*The  principle!  of  the  moment-area  method  were  given  in  an  article  by  O.  Mohr,  Beitraege  zur 

lie  dor  Holz-und  Eisenkonstruktionen,  Zeitschrift  des  Arch.-und  Ing.     Ver.  zu  Hannover,  1868, 

p.  10.     About  the  sain*;  time  the  method  was  presented  by  C.  E.  Greene  in  lectures  at  the  University 

of  Michigan.     Several  modern  textbooks  on  mechanics  give  the  method;  see,  for  instance,  Strength 

of  Materials,  by  J.  E   Boyd,  Second  Ed.,  1917. 
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•  '      diagram 

El 


I 


I 


: 


accompanying  unit   stres>  in  the  fibre  in  S  --        ■   m   which   M   is    the 
ciomenl  and  /  moment  of  inerti  ction. 

Since  the  modulus  a  the  ratio  of  unit  -  mit 

!i.   E  is  equal  tu  *  —  divided  bi  Hence  dd     , 

I  '  1. 1 

Since  in  a  well  d<  i  beam,  the  curvature  and  dope  are  Bmai^  dx 

may  be  Bubstituted  for  dt  withoul  material  error,  and  dd     ...  dx, 

I. 1 
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In  the  ^tt  diagram  of  Fig.  1,  ■==  dx  represents   the   area  of  the 

diagram  for  the  length  dx.     The  area  of  the  diagram  between  points 

fP  M 
Q  and  P  on  the  elastic  curve  is  then  equal  to    /     -^j  dx.  But  the  differ- 

Jg      HI 

ence  of  slope  of  the  tangent  to  the  elastic  curve  is  also  represented  by 

/fpM 
dB=\   mdx (1) 

Hence  proposition  (1)  of  the  preceding  section  is  proved.  It  may 
be  noted  that  if  M  is  taken  as  the  resisting  moment  acting  on  the 
portion  of  the  member  to  the  left  of  any  section,  by  applying  the 

M 

conventions  of  section  5  the  area  of  the  -757  diagram  is  positive;  also 

the  direction  of  integration  from  Q  to  P  is  positive,  and  the  difference 
in  slope  6  is  positive.  Other  terms  involved  may  be  considered  as 
scalar  quantities.  These  conventions  apply  to  any  case,  as,  for  instance, 
difference  in  slope  from  P  to  Q  is  negative,  since  the  direction  of 
integration  is  negative. 

In  Fig.  1  the  tangents  at  the  extremities  of  the  element  of  the 
elastic  curve,  ds,  are  extended  until  they  intersect  the  vertical  line 
through  the  point  Q.  The  intercept  on  this  vertical  line  between  the 
two  consecutive  tangents  is  xdd.  The  total  vertical  distance,  y,  of  Q 
from  the  tangent  drawn  at  P  is  the  algebraic  sum  of  all  the  intercepts 
between  tangents  for  the  portion  of  the  curve  between  Q  and   P; 


that  is,  y=      xdd.      Substituting  the  value  of   dd  found  previously, 
f'M     , 

y=Jv  Tixdx      «> 

In  the  ^tt  diagram  of  Fig.  1,  —  dx  represents  the  area  of  the 
diagram  for  the  length  dx,  and  -^  dx  times  x  represents  the  moment 

of  1  hie  area  about  the  point  Q.     The  moment  of  the  entire  area  of  the  -^ 

til 

diagram  between  points  Q  and  P  about  the  point  Q  may  now  be  ex- 


ANALYSIS   OF    STATU  ALLY    INDETERMINATE    BTB1  CT1  RES 


13 


i  by/    jrjxdx.    Since    tin-    expression    is    identical    with    the 


pre 


right-hand  member  ol  equation  (2),  proposition    2    of  the  pn 
Bection  is  proved.    The  conventions  of  Bection  5  apply  here  as  explained 

in  the  proof  of  proposition  (1). 
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III.  Derivation  of  Fundamental  Equations 

5.  Conventional  Signs. — The  signs  of  the.  quantities  used  in  the 
equations  in  this  bulletin  are  determined  by  the  following  conventional 
rules : 

When  the  tangent  to  the  elastic  curve  of  a  member  has  been  turned 
through  a  clockwise  direction,  measured  from  its  initial  position,  the 
change  in  slope,  or  the  angular  deformation,  is  positive. 

When  the  line  joining  the  ends  of  a  member  is  rotated,  the  move- 
ment of  one  end  of  the  member  relative  to  the  other,  measured  perpen- 
dicular to  the  initial  position  of  member  is  called  a  deflection,  and  is 
so  used  throughout  the  following  discussion.  The  deflection  is  positive 
when  such  rotation  is  in  a  clockwise  direction  from  the  initial  position 
of  member. 

The  resisting  moment  or  moment  of  the  internal  stresses  on  a 
section  is  positive  when  the  internal  or  resisting  couple  acts  in  a  clock- 
wise direction  upon  the  portion  of  the  member  considered.  According  to 
this  rule  the  portion  of  the  member  considered  must  always  be  specified, 
and  will  be  indicated  by  the  subscripts  used  with  the  moments.  For 
example,  if  C  is  a  point  on  a  member  between  the  ends  A  and  B,  MCa 
is  equal  to  —  Mob- 

The  moment  of  an  external  force  or  couple  is  positive  if  it  tends 
to  cause  a  clockwise  rotation. 

G.  Derivation  of  Equations  for  Moments  at  Ends  of  Members  in 
Fkxure — Member  Restrained  at  the  Ends  with  No  Intermediate  Loads. — 
The  line  AB  in  Fig.  3  represents  the  elastic  curve  of  a  member  which 
is  not  acted  upon  by  any  external  forces  or  couples  except  at  the  ends. 
The  resisting  moment  at  A  is  represented  by  MAb  and  at  B  by  MBa- 
The  change  in  the  slope  of  the  elastic  curve  at  A  from  its  initial  position 
is  represented  by  0A,  and  that  at  B  by  dB-  The  deflection  of  A  from 
ite  original  position  A'  is  d.  The  distance  of  B  from  the  tangent 
drawn  to  the  curve  at  A  is  equal  to  (d—l6A). 

I  rom  proposition  (2),  section  3,  (d—ldA)  may  be  expressed  as  the 

M 
statical  moment  of  the  -£77  diagram  for  member  AB  about  the  end  B. 

til 


ANALYSIS    "l     STATICALLY    [NDETERMINAT1  RES 


L5 


The  quantities  E  and  /  will  here  be  considered  as  constant  thro 

the  length  All.     If  M  repi  sisting  moment  on  bl  tion 

of  member  to  the  left  of  a  section,  M  is  equal  to    -  V  i  to 

■\-Mba  at  B.    The  ^rv  diagram  oi   I    -         am  best  be  treated  as  the 


RE    -J 


ebraic  sum  of  the  two  triangles  bad  and  bed.     Benoe  tl  tical 

moment  of  the  ...  diagram  about  B  Lb  equal  to  the  area  of  triangle  bad 

1:  / 

times  the  distance  to  it-  rent  mid.  -.-.;/.  plus  the  A  triang 

times  the  distance  to  its  lid,  '.■•;/.     Thisgn 


d-ldA  =  -*El      •    0 


From  proposition    1  .  section  3,  dB  —  6A  is  equal  to  the 
the  y..  diagram  For  member  ABt  or  the  algebraic  sum  of  areas  bad 

1:  I 
and  bed.     Tin-  [ 

-MabI  ,  MbaI 


6i<  —  Qa  = 


■21:1  11:1 


•       * 


Combining  equations   3)  and    1    to  eliminate  Mbai  letting  ,     K 

and  /«'.  gh 

Mam     2BK(2$A+eB-SR)     • 
Similarly  combining  equations    3)  and     ;  liminate 


_'/  h  26n  +  0A-  3/2 
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Since  the  signs  of  all  quantities  in  equations  (3)  and  (4)  are  independent 
of  the  sense  of  the  quantities  themselves  it  follows  that  equations  (3) 
and  (4)  are  general;  and  they  give  the  sense  as  well  as  magnitude  of  the 
moments,  no  matter  what  the  senses  of  6A,  Ob,  and  R  may  be,  provided  the 
method  of  determining  signs  given  in  section  5  is  followed.  As  before 
noted,  MAb  is  the  resisting  moment  acting  at  the  end  A  of  the  member 
AB.  The  moment  which  AB  exerts  upon  the  support  at  A  is  equal 
in  magnitude  but  opposite  in  sense  to  MAB.  A  and  B  are  not  neces- 
sarily supports  of  a  member  but  may  be  any  two  points  along  the 
length  of  a  member,  provided  there  is  no  intermediate  load  on  the 
member  between  them. 

/ 


(c) 

Figure  4 

Equations  (5)  and  (6)  are  fundamental  equations.*  They  may  be 
expressed  as  follows:  — The  moment  at  the  end  of  any  member  carrying 
do  intermediate  loads  is  equal  to  2EK  times  the  quantity:  Twice  the 
change  in  slope  at  the  near  end  plus  the  change  in  slope  at  the  far  end 
minus  three  times  the  ratio  of  deflection  to  length.     E  is  the  modulus 


•  -'l'fif  tion  equations  for  a  member  acted  upon  only  by  forces  and  couples  at  the  ends 
by   Manderla  in  1878.     See  Annual  Report  of  the  Technische  Hochschule,  Munich, 
and  Allgemeine  Bauzeitung,  1880.     The  use  of  these  equations  has  been  developed  by  several 
•>nv  whom  ore: 
Mohr,  Otto,  "Abhandlungen  aufl  dem  Gebiete  der  Technischen  Mechanik,"  Second  Ed.,  1914. 

"  Engineering  News,  Vol.  66,  p.  397,  Oct.  5,  1911. 
Dd  Money,  "  Wind  -  the  Steel  Frames  of  Office  Buildings,"  Univ.  of  111.  Eng. 

1915. 
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of  elasticity  of  the  material,  and  K  ia  the  i  '  moment  of  inertia 

to  length  of  member. 

7.     Derwalio  Equations  for  Moment*  ai  E  Memo* 

Flexure-  Membei   Restrained  at  tl>>   Endt  with  .1       v  I 

diate  hoods.  —The  line  AB}  Fig.  i-a.  representa  the  elastic  cm 
member  of  Fig.  3,  but  acted  upoD  by  a  Bystem  ol  intermediate  loads. 
The  moments,  Blopea,  and  deflections  at  .1  and  B  are  Bimilar  to  tfa 

of  Fig.  3.     The  "...  diagram,  however,  is  affected  by  the  intermedi 

loads.     The  quantity  El  will     _•   i   be  considered  constant.     From 

well  known  principle-  of  mechanics,  the   ...  diagram        I   g.   l-<-  n 

M 
l»e  obtained  by  superimposing  the  ...  diagram  for  a  simple  beam  under 

the  same  intermediate  load-    see  Fig.   t-b)  upon  the     -  diagram  of 

Fig.  3.     Thia  is  merely  the  algebraic  addition  of  the  d  momenta 

at  an>  section,  jusi  as  in  an  algebraic  analyBia  the  moment  at  the  end 
,:  girder  ia  combined  with  the  moment  of  the  shear  at  the  end  and 
of  the  external  load-  about  the  given  section.  Denote  the  area  of  the 
simple  beam  diagram  of  I"iu.  l-l>  by  /'.  and  the  distance  of  its  oentroid 
from  B  by  2.    Then,  using  the  propositions  of  section  3  a-  before,  the 

statical  moment  of  the  '  -  diagram  about  B  ia  equal  to  <'/-'' 

«-M>— HB    +ti/,7  -7,7        

Thi  of  the  j.  7  diagram  ia  equal  to  6„  —  6A. 

Combining  equations    7   and    s   to  eliminate  Al    i,  letting  j     *K   and 

j=h,  glV( 

Mai  ;  2EK    2Ba+9b-ZR)   -  J/    .;       /  .... 

Similarly,   combining  equations  (7)  and    S    to  eliminate    Ma     gives 

U    ,     2BK    2 3/2     ■  J/     2  .     .  .(10 
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It  is  seen  that  equations  (9)  and  (10)  are  identical  with  equations  (5) 
and  (6)  except  that  they  contain  an  additional  term  in  the  right-hand 
members  of  the  equations.  This  additional  term  is  independent  of 
the  slopes  and  deflections  of  the  member,  and  depends  solely  upon  the 
intermediate  loads.  Further  significance  is  given  to  this  term  if  the 
slopes  and  deflections  are  made  equal  to  zero,  as  is  true  in  a  fixed  beam 
with  supports  on  same  level.  The  last  term  then  becomes  the  resisting 
moment  acting  on  the  end  of  the  fixed  beam.  Hence  it  is  seen  that 
in  general  the  resisting  moment  at  the  end  of  a  member  with  any  system 
of  intermediate  loads  can  be  expressed  as  the  algebraic  sum  of  the  resisting 
moment  at  the  end  of  a  member  with  no  intermediate  loads,  as  given  by 
equations  (5)  and  (6),  and  the  resisting  moment  at  the  end  of  a  fixed 
beam  with  an  equal  span  and  carrying  the  same  system  of  intermediate 
loads. 

If  the  resisting  moment  at  the  end  of  a  fixed  beam  with  supports 
on  same  level  be  expressed  by  C,  with  subscripts  similar  to  those  used 
for  moments,  M,  equations  (9)  and  (10)  may  be  written  in  the  following 
general  form 

MAB  =  2EK(2dA+0B-3R)-CAB (11) 

MBA=2EK(2dB+dA-3R)+CBA (12) 

These  are  the  general  slope  deflection  equations  which  apply  to  any 
condition  of  loading  and  restraint. 

The  sign  of  the  constant  C  may  be  determined  as  follows:  In  a 
fixed  beam  the  sign  of  the  resisting  moment  at  the  end  of  a  member  is 
opposite  to  that  of  the  moment  of  external  loads.  For  instance,  in  Fig.  4 
the  moment  of  external  loads  about  the  end  A  is  clockwise,  so  the 
resisting  moment  CAB  is  counter  clockwise  or  negative;  and  since  the 
moment  of  the  loads  is  counter  clockwise  about  B,  Cba  is  clockwise  or 


Figure  5 

positive.     If  the  loads  were  upward  instead  of  downward,  the  signs  of 
and  Cba  would  be  reversed.     With  signs  thus  treated,  C  becomes 
merely  a  numerical,  or  scalar,  quantity. 

It  has  been  noted  that  equations  (11)  and  (12)  apply  to  any  con- 
dition of  restraint  of  the  ends  of  a  member.     Fig.  5  shows  a  member 
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restrained  at  .1  and  1  ii n<_c« -« 1  to  the  support  at  Bt  so  that  th<  ting 

moment  at  B  is  zero.     Equations  (lly  and    12    may  be  written: 

MAb=2EK(2$a+$b-3R)-Cab 
0=MBA=2EK(2eB+$A-ZB)+CBA 
(  bmbining  these  two  equations  to  eliminate  9B  gfr  i 

MAB=EK&$A-ZR)-(CAB+^) (13) 

If  the  beam  i>  fixed  at  .1  and  hinged  at  /;,  with  the  supports  on  the 
Bame  Level,  0A  and  /,'  in  (([nation    L3)  an-  lero,  and  therefore  the  term 

—  (Cab-\ — 5— )  representfl  the  resisting  moment  at  the  end  .1,  and  can 

be  readily  calculated  for  any  given  loading. 

By  similar  reasoning,  when  a  beam  is  restrained  at  the  end  B  and 

hinged  to  support  at  .1,  it  is  found  that 

MBA=EK(Z$B-aR)+(CBA+^) (14) 

For  more  convenient  reference  let  the  quantity  [Cab-\ — «^)  1"' 

t  ■ 

denoted  by  //.w.,  and  the  quantity   ('h.\  +  —^)  by  Hba. 

_ 

Equations    13   and    11    then  take  the  general  form 

Mab'  EK  Ma-ZR)-HAb (15 

.1/    i^EKQBa-aRi+B         (16 

The  term  //  represents  the  resisting  moment  at  the  fixed  en  1  of 

a  beam  which  i-  fixed  at  one  end  and  binged  to  the  BUDport  at  the  other. 

with  supports  at  same  level.    The  Bign  of  //  1-  determined  in  the  Bame 
way  as  the  sign  of  C  in  equations    11    and    12).    That  is,  the  sign  of  H 

i-   always   opposite   to   the   sign   of   the   moment    of   the   external    1<> 
about   the  fixed  end  of  the  member.      If  the  external  load-  act   upward 

Instead  of  downward,  the  values  of  //  in  equations    i"»   and    16)  d 
he  reversed. 

Equations    11    and    L2    are  the  d  equations  for  the  ends  of 

a  member  in  flexure.     Equations    l"»    and     li  .  forms  of 

equations    1 1    ami    12  .  applicable  to  members  having  one  end  hingi 
For  convenience  in  reference  these  four  equations  1  en  in  Table  1 

where  they  are  denoted  a-  equations     \      B      1       md    l>  .  reap 
tively. 
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A 

L^*-, 

fi, 

/ 

Mb 


Figure  6 

Table  1 
General  Equations  for  the  Moments  at  the  Ends  of  a  Member  AB  in  Fig 


MAB  =  2EK(20A+0B-3R)+CAB (j 

MBA  =  2EK(20B+0A-3R)+CBA (1 

If  end  B  is  hinged, 

MAB  =  EK(30A-3R)+HAB (( 

If  end  A  is  hinged, 

MBA  =  EK(30B-3R)+HBA (I 


Note. — The  signs  of  the  quantities  used  in  these  equations  are  determined  by  the  following  rul 

0  is  positive  (+)  when  the  tangent  to  the  elastic  curve  is  turned  in  a  clockwise  direction. 
.  R  is  positive  (+)  when  the  member  is  deflected  in  a  clockwise  direction. 

The  moment  of  the  internal  stresses  on  a  section  is  positive  (+)  when  the  internal  couple  a 
in  a  clockwise  direction  upon  the  portion  of  the  member  considered. 

If  the  moment  of  the  external  forces  on  the  member  about  the  end  at  which  the  moment  is 
be  determined  is  positive  (+),  the  sign  before  the  constant  is  minus  ( — );  if  the  moment  of  the  < 
ternal  forces  about  the  end  at  which  the  moment  is  to  be  determined  is  negative  ( — ),  the  sign  bef< 
the  constant  is  plus  (+).  With  the  forces  acting  downward  as  shown  in  the  sketch,  for  the  momf 
at  -4,  Cab  and  H^B  are  preceded  by  a  minus  ( — )  sign,  but  for  the  moment  at  B,  C ba  and  Hba  £ 
preceded  by  a  plus  ( +)  sign. 

8.  Derivation  of  Equations  for  Moments  at  Ends  of  Members  i 
Flexure — Member  Restrained  at  the  Ends,  with  Special  Cases  of  Loading- 
One  method  of  determining  the  quantities  C  and  H  in  equations  (A 
(B),  (C),  and  (D)  of  Table  1  has  been  explained.  To  illustrate  tr. 
method,  some  special  cases  will  be  considered  here. 

Fig.  7  shows  a  member  restrained  at  the  ends  with  a  concentrate 
load  at  a  distance  a  from  A,  and  a  distance  b  from  B.     In  the  simpi 

i  a  moment  diagram,  the   maximum  ordinate  is — -, — >  the  area 
is  — 2~ '  an<l  thie  distance  x  of  the  centroid  of  the  area  F  from  B  : 
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&E    7 


Hence  putting  these  values  in  the  last  terms  of  equations  (9)  and    LO 
giv< 


Tr'''-''-*)-         »  ~~(   AB 


and 


tfm-u>-*       +c 


17 


(18) 


If  the  member  had  been  hinged  instead  of  being  restrained  al  /»'. 
the  value  of  Hab  could  have  l»<'«'n  found  from  the  I  |uation 

13    in  which 


i     V     .!'  // 
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Similarly,  if  the  member  had  been  hinged  al  .1  and  restrained  :it 
/;.  the  value  of  ///,»  could  I  found  from  the  last  term  ta- 

ttoo   1  1    Ul  which 


Pab(l+a)     ^ 
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*,..  & 


a 

P,=  P 

b 

/?=P^ 

b 

>  -     a     *. 

t\ 

■^^""^                              4 

-« 

1 

»- 

Figure  8 


Mt 


As  another  common  case,  consider  a  loading  which  is  symmetrical 
about  the  middle  of  the  member,  as  shown  by  Fig.  8.  It  is  obvious 
that  the  centroid  of  the  simple  beam  moment  diagram  will  be  at  the 

middle  of  the  member,  so  that  X—  =•   Substituting  this  in  the   last 


term  of  equations  (9)  and  (10), 


and 


-/•'  F 

-p-  ( OX  —  L)=         |-  =  —CAB 


2F  F 

+±L(2l-3x)  =  +r1  =  +CBA 


(21) 


(22) 


Similarly,  for  a  member  having  the  end  A  hinged,  the  last  term  of 
.at ion  (13)  gives 


ir     i.zJLL\—     3  F_     J, 


(23) 


+  (Cba  +  -^-)  =  -f  -g- J  =  +  H BA 


For  a  member  having  the  end  B  hinged,  the  last  term  of  equation  gives 

(24) 

F 
^metrical  meaning  is  attached  to  the  term  -j  since  it  represents 

ordinate  of  the  moment  diagram  for  a  simple  beam  under 
d  loading. 

bese  illustrations  it  is  seen  that  values  of  C  and  H  may  be 

of  equations  (9),  (10),  (13),  and  (14).     Values  are 

the  more  common  eases  of  loading  in  text  books  on  strength 

but  when  bo  determined,  the  sign  must  be  fixed  in  accord- 

I     the  :  di  tion  5. 


ANALYSIS    OF    STATICALLY    INDETKRMINWTE    STRUCTUR]  23 

Another  method  for  determiniiig  C  and  H  may  be  readily  applied 
to  any  kind  of  loading.     For  a  member  carrying  a  single  concentrated 

load  P,  as  shown  in  Fig.  7,  the  value  of  QA\   w  — 1~ '  an<*  tiu-  va^ue  oi 

Pa-f> 
Cba  Is  -  ,..  -»  as  given  in  equations  (17;  and  (18).     If  there  are  several 

concentrated  loads  on  the  member,  by  summation  Cab  =  /,    ..,-'  and 

-2 


Pah 


If  there  is  a  distributed  load  on  the  member  the  same  method  may 
be  used,  by  performing  an  integration  in  place  of  the  summation. 
Let  W  l  e  the  unit  loading  on  an  element  of  Length  dx,  which  is  at  a 
distance  x  from  the  left  end,  and  a  distance  l—x  from  the  right  end 

of  the  member.     In  the  expression     =    ■  replace  P  by  wdx,  a  by  x,  and 

l(/-J.-r/.r  .,     .       n  fv>Z*(l-x)dx. 


b  by  /  —  .'\  whence  (.,»/<  =  / y, Similarly,  (  ,tA  =  /  — 


P 


The    limits    of    the    definite    integral    are    fixed    by    the    length    of     the 

member  under  load. 

If  the  unit  load  to  is  not  constant,  it-  variation  may  be  expressed 
in  terms  of  x,  and  the  genera]  value  for  the  total  load  on  a  length  dx 
thus  found  substituted  for  P  in  the  given  expression  for  a  single  con- 
centrated load,  after  which  the  integration  may  be  performed  as  just 
indicated. 

Values  o!  C  and  //  for  different  systems  of  load-  are  given  for 
reference  in  Tables  2  and 
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Table  3 


Values  of  Const  lnts  C  u*d  //  for  Different  Systems  of  Loads  to  be  Used  in 

the  Equations  of  Table  1 
All  Loads  Symmetrical  about  Center  of  Member 


\ 


Condition  Moment 

Of  Loading    I        Diagram 


Cab  =  Cba 


F 


Single  load  at  the  center. 


Two  equal  loads. 


loads  :.t  the  third  points, 


■  he  quarter 
poii 


■ 

\         / 

t 

Kj      kA- 

!>>» 

^ 

^ 

LL5 

pan  , 

PI 


Pa 

T  ^      ^ 


Pi 


*Pl 

16 


12 


Wl 


Hab  =Hba  =  -=T 


3  F 


2    I 


—  PI 
16    l 


^_Pa 
2     I 


(I -a) 


PI 


15 
32 


PI 


iwl 
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No. 


Condition 
of  Loading 


Moment 

Diagram 


Cab  =  Cba  =  -j- 


II A  H  =H  HA  =  ~7>    ~f 


Equal  uniform  loads  at  the  end* 


HI 


I'liifortn  load  at  tin- 


Load  Iitimtnting  uniformly 
from  z'To  at  i  In-  ends. 


Load  inrreaatng  uniformly 
from  icro  at  tin-  center. 


I .ii  i-l  varying  at  t be  ordii 


B*-* 


U 


■iL.(P+2aJ-2tf 


Vs  m 


h. 


.  \Yl 


II  / 


£(*-*) 


3     P+2al- 


H7 


:;   11  , 
32 
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PART    II 

DETERMINATION    OF    STRESSES    IN   STATICALLY  INDE- 
TERMINATE STRUCTURES 

Assumptions  upon  which  the  Analyses  are  Based. — The  analyses 
in  this  bulletin  are  based  upon  the  following  assumptions: 

1  That  the  connections  are  perfectly  rigid. 

2  That  the  length  of  a  member  is  not  changed  by  axial  stress. 
That  the  shearing  deformation  is  zero. 

Recent  tests  by  Abe*  show  that  the  first  assumption  is  approxi- 
!y  true  for  reinforced  concrete  frames,  and  tests   by  Wilson  and 
Mooref  -how  that  this  assumption  is  also  approximately  true  for  certain 
types  of  riveted  connections  of  steel  frames. 

The  error  due  to  assumptions  (2)  and  (3)  depends  upon  the  geo- 
metrical properties  of  the  frame,  but  for  frames  of  usual  proportions 
the  cnor  is  not  large.     These  assumptions  are  discussed  in  detail  in 
■  7  and  (38.     The  error  due  to  slip  in  connections  is  discussed 
in  Bectioo  69. 

H).     Notation. — The  following  notation  has  been  used: 
n  =  distance  from  end  A  of  a  member  to  a  load. 
b= distance  from  end  B  of  a  member  to  a  load. 
d= deflection  of  one  end  of  a  member  with  respect  to  the  other 
end,  measured  perpendicular  to  initial  position  of  member. 
i  =  eccentricity  of  load. 
h  =  vertical  height  of  a  structure. 

/:  =  error  in  resisting  moment  due  to  neglect  of  shearing  strain. 
/= length  of  a  member. 
mz  '   i"  the  rate  of  loading  in  a  unit  distance. 

-rati.;  of  K  of  top  member  to  K  of  left-hand  column  for  a  four- 

of  K  of  top  member  to  K  of  bottom  member  for  a  four- 

■    • 

•  '   <     '    of  Rigidly  Connected  Reinforced  Concrete  Frames,"  Univ. 
i<)7,  19 

1  Moore,  1!  '  D    ■  rmine  the  Rigidity  of  Riveted  Joints  of  Steel 

.  Jiul    104,  1917. 
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#  =  ratio  of  the  length  of  the  left-hand  column  to  the  length  of  the 

right-hand  column  of  a  two-legged  bent. 

s  =  ratio  of  A'  of  top  member  to  K  of  right-hand  column  for  a  four- 
sided  frame. 

?/  =  load  per  unit  of  length  (variable). 
w  =  uniformly  distributed  load  per  unit  of  length. 
A  =area  of  section  of  a  member. 
C^b= resisting  moment  at  end  .1  of  a  member  AB  fixed  at  both  ends 
and  having  both  ends  at  the  same  level. 

E  =  modulus  of  elasticity  in  ten-ion  and  compression. 
F  =  area  of  the  moment  diagram  of  a  simple  beam. 
G= modulus  of  elasticity  in  -hear. 
//  =  reaction. 
Hab= resisting  moment  at  end  A  of  a  member  AB  fixed  at  .1  and 
hinged  at  B  and  having  both  ends  at  the  same  level. 
/  =  moment  of  inertia  of  section  of  a  member. 
A'  =  ratio  of  moment  of  inertia  of  section  to  length  of  a  meml 
.V  =  moment  of  an  external  couple. 
.U  i  = -tatical  moment  of  external  forces  about  point  .1. 
MAn  =  resisting  moment  acting  at  the  end  .1  of  a  member  Ml. 
M    != resisting  moment   acting  at   the  end  B  of  a  member  AB. 

X  =  restraint    factor,   depending  on   manner  in   which    the  end-  of  a 
member  are  held. 

P = concentrated  load. 

R=y= ratio  of  the  deflection  of  one  end  of  a  member    with  respect 

to  the  other  end    to  the  length  of  the  member. 
S=  .-hear. 
M'-  total  distributed  load  on  B  member. 

a=n*-r*2pn-f-2n-|-3p,  for  a  symmetrica]  four-sided  frame. 

/3  =  (>//  +  /;+ 1.  tor  a  symmetrica]  four-sided  frame. 

A«22(pi       r   hn*+np    •_'.,<    hp«N-pn,-H*»+«,+H  + 

-\-jr-\-ji\  for  a  rectangular  frame. 
A..  l+3g+4^)-K*+«)+tf(n,+n)+3(tf«n,+«,n)]l  for  a  two- 

legged  rectangular  bent  with  unequal  1« 
A     2  3n«,-Mltw-h*,-f**-r,3n,s-f-n,-f*fi  .  for  a  two-legged   rectangular 

bent. 

0«  change  in  the  slope  of  the  tangent    to  the  elastic  cum 

member. 
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IV.  Girders  Having  Restrained  Ends 

11.  Moments  at  the  Ends  of  a  Girder  Having  Fixed  Ends — Both 
S  pparU  on  the  Same  Level — If  a  girder  is  fixed  at  the  ends  and  if  both 
supports  are  on  the  same  level,  6A,  dn,  and  R  of  equations  (A)  and  (B), 

Table   1.  equal   zero.     This  being  the  case,  MAB  =  +CAB  and  MBA  = 

±CB  i.     Values  of  CAB  and  CBA  for  different  systems  of  loads  are  given 
in  Table  2. 


Figure  9 

12.  Moments  at  the  End  of  a  Girder  Having  One  End  Fixed  and 
Other  End  Hinged,  Both  Supports  on  the  Same  Level. — If  a  girder  is 

fixed  at  one  end,  6  for  that  end  equals  zero.  Likewise  if  both  supports 
on  the  same  level,  R  =  0.     This  being  the  case,  the  moment  at  the 

fixed  end,  as  given  by  equations  (C)  and  (D), Table  1,  is^:HAB  or  ~i:HBA. 
II ,  n  and  Hba  for  different  systems  of  loads  are  given  in 
ble  2. 

13.  Moments  at  the  Ends  of  a  Girder  Having   Ends  Restrained 
!   .ml.  -Fig.  (.)  represents  a  girder  restrained  at  A  and  B.     P 

represents  the  resultant  of  any  system  of  forces  on  AB.     The  change 
in  slop     •  A  is  0A  and  at  B  is  6B.     The  deflection  of  B  relative  to  A 


Applying  equations  (A)  and  (B),  Table  1,  gives 

MAB~2EK(20A+dB-SR)-CAB (25) 

MBA     2EK(2eB+eA-3R)+CBA (26) 

determine  MAB  and  MBA}  0A,  0„,  and  R  must  be  known. 
n  in  Fig.  It,  $A  and  R  are  positive  and  0B  is   negative.     If  P 
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had  been  upward  instead  of  downward.  Cab  would  have  been  prece  led 
by  a  plus  (4-)  sign  and  Cba  by  a  minus  (  — )  sign.  Values  of  Cab  and 
Cba  for  different  systems  of  loads  to  be  substituted  inequations    25 

and  (26)  are  given  in  Table  2. 

14.    Moment  at  End  of  a  Girder  liming  One  End  Hinged  and  the 

Other  End  Restrained  but  not  Fixed, — Fig.  10  represents  a  girder  bin _ 


Figure  lu 


at  li  and  restrained  but  not  fixed  at  .1.     P  represents  the  resultant  of 
any  system  of  forces  on  All.    The  change  in  slope  at  A  is  0*,  and  the 


11   I 


deflection  of  B  relative  to  .1  is  d. 

Applying  equation   C)  of  Table  1  gh 
MAb=EK@$a-ZR)-Hab 27) 

As  Bhown  in  Fig.  10,  0A  is  positive  (  +  )  and  R  is  negative  (  — ). 

If  P  had  been  upward,  // .»«  would  have  been  preceded  by  a  plus  ^-|-) 
sign. 

.1 

Y 


li'.i  i:i;   1  1 

For  t  he  girder  represented  by  Fig.  1 1 
Mba-BK  3ft     ZR)+Hba      ■     ■ 
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in  which  A'  is  positive  I  h)  and  fa  is  negative    — ). 

Values  of  Hab  and  ///<»  for  different  systems  of  loads  to  be  used 
in  equations   27)  and    _'s   are  given  in  Tabl 
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V.  Continuous  Girders 

15.  Girder  Continuous  over  Any  Number  of  Supports  and  Carrying 
Any  System  of  Vertical  Loads.  Supports  all  on  the  Same  Level.  General 
Equation  of  Three  Moments — Two  Intermediate  Spans. — Although  the 


McB=  -  Mco 


Figure  12 


results  of  this  section  are  included  in  the  following  section,  detailed 
dun'  is  given  here  to  show  how  the  slope-deflection  equations  are 
to  be  applied  to  a  continuous  girder.  Fig.  12  represents  two  inter- 
mediate spans  of  a  continuous  girder  extending  over  a  number  of  spans. 
All  supports  are  on  the  same  level.  P0  represents  the  resultant  of  the 
id  AB,  and  Pi  represents  the  resultant  of  the  forces  on  BC. 
I  I  K 

j  for  span  BC  is  K.     j  for  span  AB  is  —      Since   all    the    supports 

on  the  same  level,  R  =  0  for  all  spans. 
Applying  the  equations  of  Table  1  gives 

UAH=^(2eA+dB)-cAli 

ft 

MBA=^(?eB+oA)+cBA 

M„,  =2KK(2e,j+8c)-CDC 

McB=2EK(2ec+0B)+CcB 

i+MBC=0    .... 


(29) 

(30) 

(3D 

(32) 

(33) 

Substituting  the  value  of  BA  from  equation  (29)  in  equation  (30) 


- 


— 0b+2Cba+ 


ft 


AB 


(34) 


tilting  the  value  of  d(:  from  equation  (31)  in  equation  (32) 


-tEK0B+CcB+2Cni 


(35) 
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Substituting  the  value  of  6U  from  equation  (35)  in  equation  (3  I  , 
and  substituting  —  Mbc  for  Mba  gives 

nafAB+21fBc(n+l)+AfcD=-[n(2CBA+CAB)+(CcB+2CBc)] 

In  detennining  the  values  of  C  and  //  given  in  Table  3,  it  was 
found  that 

.         2Cab~{~Cba       i  ji         -(  n  \-\-(  m< 
ll.\n  = ^ and  Hba= t\ ■ 


Equation  (36)  can,  therefore,  be  written  in  the  form 
MAB+2MBc(n+l)+MCD=-2lnHBA+HBc] 


This  is  the  general  form  of  the  well-known  "Equation  of  Thi 
Moment-."*    It  may  be  applied  to  a  continuous  girder  having   all 
supports  on  the  Bame  Level,  no  matter  what  the  type  of  loading  to 
which  the  girder  is  subjected.     As  applied  to  two  adjacent   -pan-. 

T  I'  J 

K=  j  for  the  right-hand  span  and  -  -  -  =      for  the  left-hand  -pan:  that  is, 

n  =  j  for  the   right-hand   span   divided   by        lor   the   left-hand   -pan. 

Values  of  //  for  different  types  of  Loading  are  given  in  Tab; 

16.    Girder  Continuous  over  Any  Number  of  Supports  and  Carry 
.1 1  7  SysU  in  of  Vi  riical  Loads.    Supports  AH  on  the  Sam  !.■  ■  I     < <■  neral 
Equation  of  Thret   Moments     Tiro  Adjacent  Spans  at  Ont   End*     End 
of  Girder  Hinged-   Fig.  L3  represents  the  two  -pan-  at  the  left-hand 

end   of  a   continuou-  girder.      All   BUpportS  are  on   the  same  level.      /' 

represents  the  resultanl  of  the  loads  on  .!/>'.  and  Pi  repn  the 


1' 

/' 

A 

7~T  4 

L - 

r — j 

n 

i 

A  K 

X 

FlGl  i 


■ 
.in  1857,  and  was  published  in  C\>rn| 
\,,I     15,  p     I07fl       It  li.i-  I..  :•  <\  ami  •/'  -ii<  r.tli/.  -1  f..r  ■ 

aique  Appliq  I    W  inkier,  I». 
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iltant  of  the  loads  on  BC.     The  girder  is  hinged  at  A.     Equation 
37  .  having  Urn  derived  for  the  general  case,  is  applicable.     As  the 
girder  is  hinged  at  A,  MAn  =  0.     Equation  (37),  therefore,  takes  the 
form 

2MBc(n+l)+MCD=-2[nHBA+HBc] (38) 

for  two  adjacent  spans  at  the  left-hand  end  of  the  girder  when  the 

left-hand  end  is  hinged.     Likewise, 

nMAB+2MBc(n+l)  =  --2[nHBA+HBc] (39) 

for  two  adjacent  spans  at  the  right-hand  end  of  the  girder  when  the 
right-hand  end  is  hinged. 

17.     Girder  Continuous  over  Any  Number  of  Supports  and  Carrying 

Any  System  of  Vertical  Loads.    Supports  All  on  the  Same  Level.     Gen- 

'  Equation  of  Three  Moments — Two  Adjacent  Spans  at   One  End. 

Ei  I  "/  G  rder  Restrained. — Fig.  14  represents  the  two  spans  at  the  left- 


FlGURE    14 


hand  end  of  a  continuous  girder.     All  supports  are  on  the  same  level. 
presents  the  resultant  of  the  loads  on  AB,  and  Pi  represents  the 

M  lie  loads  on  BC.     The  girder  is  restrained  at  A. 

The  values  of  the  moments  depend  upon  the  restraint  of  the  point 

.1    and  therefore  the  moments  cannot  be  determined  unless  either  the 

at  at  A  or  1  he  dope  of  the  elastic  curve  of  the  girder  at  A  is  known. 

If  the  moment  a1  .1  is  known,  equation  (37)  is  applicable.     If  the  slope 

is  known,  6A  is  a  known  quantity. 

rtituting  the  value   6D  from  equation  (29)   in  equation  (30) 

MAB=bEK0A-nMBc-2nHAB (40) 

iting    MAb    from    equation    (40)    in    equation    (37)    gives 

MBc(i+3n)+2McD=2nHAB-4(nHBA+HBC)--6EKeA  .    (41) 

1 !    Ifl  applicable  to  the  two  adjacent  spans  at  the  left- 
►ntinuoua  girder  restrained  at  the  left-hand  end. 
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FlGUBl    1  •") 

Ki>i.  15  represents  the  two  spans  at  the  right-hand  «*n< I  of  a  con- 
tinuous girder.    All  supports  are  on  the  same  level.     l\  represents 

the  resultant  of  the  loads  <>n  ABt  ami  /',  represents  the  resultant 
the  load-  on  BC.     The  girder  is  re-trained  at    <  . 
From  equation  (37) 

2n3fAB+4MBc(n+l)-2McB=  -4(nHBA+HBc)     .     .     .  12 
Applying  the  equations  of  Table  1  gives 

Mllc  =  2EK(2dn+dc)-<           (43 

Mcb=2EK(2$c+0b)+Ccb (44 

Eliminating  f)l{  from  equations     13    and     11    gives 

-2McB=-MBc-GEKec-2HcB h"» 

Substituting  the  value  of  M(  b  from  equation  15)  in  equation  I  12 
giv( 

2nMAB+MBc(4n+3)=2H(        1[hHba+Hiic]H  $EK6i  16 

Equation  16  is  applicable  to  the  two  adjacent  -pan- at  the  right- 
hand  end  of  a  continuous  girder. 

is.  Girder  Continuous  over  Any  Number  of  Supports  and  (  arr  fing 
Any  System  of  Vertical  Loads,  Supports  All  on  th*  Sunn  Level.  General 
Equation  of  Thret   Moments    Girder  Fixed  ai  Ou   Ends.     If  the  girder 

i-  fixed  at  the  end-.  9a  of  equation    n    and  9(  |ual 

zero.      Equations     11     and     16     then  take  the  form 

V       l+3n)+2McD=2wtf*B-4[»iffBA+ffBc]    .     ...    (47 
Uab+Mb*    ln+Z)=2HCB-qnHBA+HBc]    .     ...    (48 

Equation  17  is  applicable  to  the  two  adjacent  -pan-  at  the  left- 
hand  end  of  a  continuous  girder  fixed  at  the  left-hand  end,  and  equa- 
tion is  i-  applicable  to  the  two  adjacent  -pan-  at  the  right-hand  end 
of  a  continuous  girder  fixed  at  the  right-hand  end.  Values  of  //  for 
different  systems  of  load-  are  given  in  Table  2. 

19.    Girder  Continuous  over   Thru    Supports    and  Carrying  A 
Sy  tern    of    Vertical    hoods.     Supports    on    Oijji  eni    L<  els.     Gen  rul 
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of  Three  Moments. — In  section  15,  the  equations  of  Table  1 
have  been  used  to  derive  a  general  "Equation  of  Three  Moments." 
The  derivation  is  seen  to  be  merely  the  combination  of  four  linear 
equations  involving  slopes,  deflections,  and  moments  at  the  supports 
ach  -pan  into  an  equation  involving  the  same  quantities  for  any 
two  adjacent  spans. 


Figure  16 


Pig.    16  represents  two  adjacent  intermediate  spans  of    a  girder 
continuous  over  a  number  of  supports.     Some  of  the  supports  have 
settled.     The  vertical  distances  of  the  points  A,  B,  and  C  from  a  hori- 
zontal base  line  are  dA,  da,  and  dc.     P0  represents  the  resultant  of  all 
n  AB,  and  Pi  represents  the  resultant  of  all  loads  on  BC. 

moments  in  the  girder  may  be  considered  as  made  up  of  two 
parte,  one  part  due  to  the  loads  represented  by  P0  and  Pi  when  the 
Nipp  eon  the  same  level,  and  the  other  part  due  to  the  settlement 

o!  the  supports,  it  being  considered  that  the  girder  remains  in  contact 
with  all  supports. 

Applying  the  equations  of  Table  1  gives 


MAB  =       -(20,t+0«-3ZW 


ft 


C 


AB 


2EK 

-(2eB+eA-m0)+cBA 


n 


\i        2EK(20B+ec-ZRi)-CBC 
2EK(20c+eB-SRi)+CCB 
W   i+Afflc=0 


(49) 

(50) 

(51) 

(52) 
(53) 


|  for  the" right-hand  span  equals  K  and  -,  for  the  left-hand 


K 


'   and  R,= 

1 1. 


dc  —  dn 
I, 


ire  identical  with  equations  (29)  to  (33) 
15,   excepl  tor  the  additional  terms  R0  and  Rv     Hence  the 
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method  of  solving  for  the  momenta  is  the  same  as  in  Bectioo  15, 
and  will  not  be  repeated  here  in  detail.  The  general  equation  of  three 
momenta  (or  a  continuous  girder  carrying  any  system  of  vertical  loads 
and  with  supports  on  different  levels,  together  with  some  special  forms 
of  the  equation,  arc  given  in  Table  1.* 

20.  Girder    I  Tkrct    Supports   and    ('<irr;/iruj   Any 
System    of    Vertical    L<><i<ls.    Supports   on    Different    /.■  •  Van 
Conditions  of  Restraint  of  Ends. — Table  1.  section  19,  gives  the  general 

<(Hiation  of  three  moments  which  is  to  he  applied  here.  Various  cast  a 
of  rotraint  of  the  ends  of  girder  and  the  effect  upon  the  quantities 
in  the  general  ('((nation  will  he  considered  It  i-  seen  that  if  the  end 
of  the  girder  is  hinged,  the  resisting  moment  there  i-  sero.  If  it  i- 
fixed,  the  slope  at  that  point  is  Beit).  If  the  end  i-  restrained,  <»r  par- 
tially fixed,  the  moments  at  the  other  supports  Can  be  found,  if  either 

the  slope  or  the  moment  at  the  end  is  known.  Modifications  of  the 
equations  of  Table  4,  for  these  various  cases  of  restraint,  are  given 
in  Table  5. 

21.  Girder  Continuous  over   Four   Supports  and  Carrying    .1 
System  of  \'<ri><til  Loan       §  pports  <"<  Different  L~ 

ditions  of  Restraint  of  Ends.-  Table  4,  section  19,  give-  the  general 

equation  of  three  moments  which  may  he  applied  here.    The  met] 
of  using  the  ((niation  of  three  moments  is  to  apply  it  Buooessively  to 

each  pair  of  adjacent  -pan-  in  the  continuous  girder,  thus  deriving  one 

less  equation  than  the  number  of  -pan-.     If  the  conditions  of  restraint 
at  the  ends  of  the  coiitinuou-  girder  are  known,  these  equations  D 
he  solved  simultaneously  for  the  unknown  moment  at  each  support . 

When  the  end  of  the  girder  is  hinged,  the  moment  there  i-  n 
When  the  end  is  fixed,  the  slope  tht  era     When  the  end  is 

strained,  if  either  the  slope  or  the  moment  at  the  end  is  known,  the 

moments  at  the  other  supports  may  be  found. 

The  equations  of  Table  l  have  been  applied  to  the  girder  descril 
in  this  section,  and  the  values  of  moments  obtained  for  various 

of  restraint  <»i  ends  are  given  in  Table  I 


'Johnson,  Br)  en,  tad  Turn  iure,      i 
Part  II,  p,  19,  N i iii n  l.-l    1911.  givi  tbef 
with  support  i  on  different  leveli  end  cexryii  | 

1 1,  Applied  Meehani  emiler  cq 

\    '  >-••  nfeld,  'ivkru-<k  Statik,  \ 
preheneivi  girders,  ineludii  nig  Bom* 

point  t->  point,  and  >4  ^\i'\>  r  p  •ting 

:ir<-   I  It 
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Supports  on  Different  Levels.1 
Systei         \  ertical  Loads.1 


Table  4 

Continuous  Girders 
Equations  of  Three  Moments. 

K  =  ~r  for  right-hand  span. 

K     I 

—■  =  -7- for  left-hand  span. 


(a) 


»> 


Portion  of  Girder 
Considered 


Fig.  16 
Intermediate  spans 


Fig.  17 

Two  adjacent  spans 

left  -  hand    end. 

End  of  uirder  hinged. 


Fig.  18 

adjacent  spans 

:inht-hand    end. 

_;rder  hinged. 


19 
Two   adjacent   >pans 

left-hand     end. 
girder    re- 
strained. 


pane 
right-hand   end. 

of     tinier     re- 


Equations  of  Three  Moments 


nMAB+2MBtin  +  l)+McD  =  ^\li(dB-dA)- 


lo  (dc  —  ds) 


-2^HBc-\-nHBA^ 


•2Miic(n  +  l)+McD  =  jj^[li(dB-dA)-lo(dc-dB)\ 
nHBA  -h  Hbc 


-2 


nMAB+2MBC(n+l)  =  jj^[h(dB-dA)-I0(dc-dB)  ^ 


-2 


hHba+Hbc 


li{dB—dA)—l0{dc  —  dB) 


If  Mab  is  known 
2MBc(n+l)+McD=^rr 

toil 

-2  [Hbc  +  uHba    -uMab 
If  6a  is  known 

U,<t<4+3n)+2McD  =  -u^[sii(dB-dA)-2l0(dc-dB)\ 

+2nHAB-*[  Hbc+uHba]  -6EK  dA 
If  the  girder  is  fixed  at  A,  0a  =0 


If  Mcb  is  known 
fM  Mi+2MBC{n  +  \)=-ff± 

Ml        . 


[ 


h  (dB-dA)  -l0(  dc-d 


'*)] 


2\HBc+nHBA 


+M 


CB 


If  dc  is  known 
2nMAB+MBC(4n+3)  =  -Q^  \2h(dB-dA)-Sl0(dc-dB)\ 

-*[HBc+nHBA\+2HcB+GEK  0c 
If  the  girder  is  fixed  at  C,  0c  =  0 


*     of  d  in  these  equations  equal  zero, 
miiporw,  let  all  value*  of  //  in  these  equations  equal  zero. 
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Table  5 
Girder  Continuous  over  Three  Supports 


Supports  on  Different  Levels.1 
Any  System  oi  Vertical  Loads.2 


K  =  —j — f°r  right-hand  span. 

K        T 

—  =  — for  left-hand  span. 
n  I 


21 


_  tl 

:     z 


General  Case 

i)FK     r  i       2     r  ~\ 

~oj  i   (,,-fi)  \htdFi  —  dA)—lo{dc—dB)       —     ,   j      uHba  +  Hbc  J 
Spans  Identical  Except  for  Loads 
j-  [  l(2d„-dA-dc)    -    Hba  +Hbc  ] 


.U/,,  ■  = 


3ff/C 

2/2 


Fig. 

•  >•) 


0.4  and  Mcfl  known 

\  <SEK 

= 


General  Case 


e  k  r  n 


c"3„+4  (   /„ 
-  4  (HBc+nHBA)-GEKdA  +  2McB 


MAB= 


mu 


dB  —  dA\     Mbc 


lc 


) 


-H 


AB 


Mbc  = 


0c  and  Mab  known 
1       (6EK 


2h(d 


MCB  = 


4n+3  )    Lh    L 
+  2HcB+SEK6c-2nMAB 

M  BC 


B-dA)-M„(dc-dB)    ]  -HHbc+uHba) 


^EK[ec-d-^d'-l]+HcB 


6A  and  0c  known 

i     [  f>  ek  r  "i 

Mbc=  ^pi     7J7  [/i(^-^)-a^;-^)  J  -wC/m-C 

-2EK(0,-0c)    r 


L       J        2 
dc—  ^/*1   ,  Mbc 


-Hab 


3m[»c--^]  + 


■Han 


ipports,  lei  all  values  of  '/  in  these  equations  equal  zero. 

i\  supports,  Let   all  values   of    //   and  C  in   these  equations 
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TABUi    .") CoXTlXl   1  I) 


(b) 


Fig. 

22 


— 


— 
a 
- 


Genera]  ( '         I    otinoed 
Mas  And  Afcj  known 


•l//" ""  2(n+I)  f-^"-"-^/')  +  /(</l  (y<  +  1J  [  W*-ik)  -  lo(d,:-dti) 
nil  nA  +  ///„ 

Spans  Mention]  Except  for  L<. 

^  and  M,  a  known 

1     i  GBKT  l 

**  — f   ,   ~7-[3(^-^)  -2(d(~dli)\  +2HA  i      I  //,     •  // 

-*BK$a+2Mcb  I 

Mab-ZBR  ye a 1 — J  — j--ii Kl{ 


MBc  =  -= 


'.'.    and  Af  \n  known 

ER 


KK  r 

|—  [2u//,-,/.,> -3(<lc-d») J   -4  ///„■•//„,    \-2Hca 


■  SEK0(  -2Mab 


0  \  and  ",    known 
r=  7,  /      [  -'  '       ■  -Cur -II  K      ■ 

■■  *bk[$4  ,l"-dA]   "r   "- 

II  i  /  And    M(  ■  known 

y  Lrii         u        •  ::/;A'[-./  /  1     "»*+"»< 

Mm  ,.»/,/  Mm,  .,,  ,       ,/,-J ~ 


M 


M 
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Figure  21 
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Figure  22 


Figure  23 


Figure  24 
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VI.    Two-legged  Rectangi  las  Bent.     Legs  of  Equal  Length 

22.     Two-leyyuf  Rectangular  Bent,    Concentrated  Horizontal  Force 
at  the  Top — Lege  Hinged  at  the  Hoses. — Pig,  25  represents  a  two-legged 

rectangular  bent   having  logs  hinged  at  the  bases.      A  single  force  P 
is  applied  at  the  top  of  the  bent. 


P      A 


l  K 
1  -„ 


0 


=K 


I'k.i  i.      _ 


8 


/    K 

in 


c 


Applying  the  equations  of  Table  1 


i'  i\ 
Mad*  —  (3^-312 

Mba-2EK  2$b+$a) 

/.-  i  ■ 
Mbc-  —  (ZSb-ZR 

8 

Mad+Mba  +PA-0 


54 
55 

57 
58 


In  these  equations,  from  the  definition  of  resisting  moment, 
M\h=—Mm.  and  —Mba  l  M h,  .  Benoe  Mae  and  M  .  may  be 
considered  as  the  two  unknown  moments  to  be  found.  Elimination 
may  be  done  ss  follows: 
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Subtracting  equation  56  from  equation  54  gives 

MAB+MBc  =  2EK{0A-eB) (59) 

Subtracting  s  times  equation  57  from  n  times  equation  55  gives 

-nMAB-sMBc  =  EK(SdA-SOB)        (60) 

( Combining  equations  59  and  60  to  eliminate  the  quantity  {dA—  dB) 


gives 


MAB(S+2n)+MBc(S+2s)=Q        .     .     . 
Combining  equation  61  with  equation  58  gives 


u  Phf^±2s 


u             Phf  3+2 n 
Mm 7T-\  5 


2  \3  +  n  +  * 


(61) 


(62) 


(63) 


If  n  =  s,  that  is,  if  the  sections  of  AD  and  BC  have  the  same  moments 
of  imrtia.  equations  62  and  63  take  the  form 

Ph 


^1  liC  —  —  ^1  AD  —  — 


(64) 


D 


I  K 


=  K 


Figure  26 


S 


h~  s 


C 


Tvxhkgged  Rectangular  Bent.     Concentrated  Horizontal  Force 
'"    ToP     L  "'  «i  the  Bases.— Fig.  26  represents  a  two-legged 

liar  benl   having  legs  fixed  at  the  bases.     A  single  force  P  is 
appli  the  top  of  the  bent. 
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Applying  equation    A  .  Table  1. 

MAB=VEK(2eA+eB)   ...  .    .    . 

Mad-  -  -ZR  ....       66) 

2EK 

MDA=—  {6A-ZR) (07) 

n 

MBA=2EK(26B+$A)     .  (68) 

MBc=y^-(2eB-sR) 

afcn=— (0B-3J2 70) 

8 

MAD+MDA+Msc+Mcs+Ph^Q 71 

MAB+MAD=Q 72 

MBA+MBC=Q (73 

Substituting  the  value-  of  MAB  and  MAB  from  equations  65  an  1 
in  equation  72  and  simplifying  gii 

-g-(l+n)+  -p-=3 74 

Substituting  the  val  \1Ba  and  Afac  from  equations  68  and 

in  equation  73  and  simplifying 

%  l+«)+^£=3 ::" 

Substituting  the  values  for  the  moments  in  equation  71  and  sim- 
plifying gn 

■  x  ,  n6E     .>  n  s  Ph       1 

R         I;       '  -ftgjf      «■       ■      ■      ' 

Solving  equation  7 1  for  -y, 

/,       //        /.    v    "    / 

Substituting  tin-  value  of  -rr  from  equation  77  in  equation  75 

Bjl  :iC2s  +  '2-n) 

R  "  3n«+4n+4«+4 
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n 

Substituting  the  value  of  -77  from  equation  78  in  equation  77  and 
simplifying  gh 

6_n=        'M2n+2-s) 

R  "  3ns+4n+4s+4 

ft  ft 

Sul  stituting  the  values  of  -~  and  ■—-  from  equation  78  and  equa- 
tion 79  in  equation  76  gives 

fo  2s +  2 -n)  3n(2n+2-s)  ,  nsPh      1_ 

:     ^-4/,+4*+4+3?is+4n+4s+4       {S^~n)      QEK    'r 

Solving  this  equation  for  -^-  gives 

J_      \)EK     2(3ns2+llns+s2+s+3n2s+n2+n) 

R      nsPh  3ns+4n+4s+4  '      "      ^     } 

stituting  the  value  of  -5-  from  equation  80  in  equation  79  and 
r  On  gives 

«  =_P^ 3ns(2n+2-s) 

"     \2EK  3ns2+llns+s2+s+3n2s+n2+n     "      '      *      '      {     } 

Substituting  the  value  of  -5-  from  equation  80  in  equation  78  and 
ring  for  Ba  gn  1 

e        J!h 3m(2s+2-n) 

'  12EK2nf+lln8+#+8.+&n*8+n*+n    '     '     '     '     {    } 

-     stituting  the  values  of  BB  and  BA  from  equations  81  and  82 
in  <  quation  65  givi 

=  Ph  :Ws(.s+2) 

2   Zn8*+lln8+82+s+Sn2s  +  n2+n  '      '      '      {     } 

tuting  the  values  of  Bn  and  6A  from  equations  81  and   82 
I  and  substituting  -M,<c  for  M/iABgives 

.Eh 3ns(w+2) 

2     Sn8t+lln8+8i+8+3n28+n*+n     '     '     '     ^    } 
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From  equation  67 

2EKR  r0A     -I 
Mda=      n        l~R        _ 


(85) 


BA 


Substituting  the   value  of  R  from   equation   SO   ami   of    —  from 

ti 

equation  78  gives 

_Ph  g(2*+2+5n+3ns) 

DA  2     'Sns2+U7is+si+s+3n2s+n-+n      '      '      ' 

From  equation  70 

2EKR/0B 


M(B  = 


f- 


Substituting  the  value  of  R  from  equation  80  and  of  -=j-  from 

ti 

equation  79  gives 

u  P/?  n(2w+2  +  5s+3na)  ™ 

*    CB       "2  (37?.92-hll7i,s+s2-fs-f3n2.s+«-  +  n)    '      ' 

Letting  A0  represent  2(3ns,+llns+*,+a+3n,«4"flH-w)i  the  equa- 
tion for  the  momenta  in  the  frame  are 

MAD  =  -Q*n*(*+2) (88) 

PI  i 
Afac»-^3iw(n+2) (89) 

.  M cb  -  -  ^pn(2»+2+6«+3n«) (90 

if^  -  -^*(2»+2+5fi+3ii«) 91 

If  »■*«,  thai  is,  if  the  section  of  AD  has  the  same  moment  of 
inertia  as  the  section  of  B(\  equations  ss  to  91  take  the  form 

*— *-— T«&r    


/'//  3// -hi 
2  Gn+1 


ir«-jr«i— *=S- 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


If  n=*=l,  equations  92  and  93  take  the  form 


UU)  =  MPC=-—Ph 


(94) 


MCb=Mda=-j£  Ph 


(95) 


24.     Two-legged    Rectangular    Bent.     Any    System    of    Horizontal 
<ls  on  One  Leg.     Legs  Hinged  at  the  Bases. — Fig.  27  represents  a 


A 

^ / ^ 

il 

Lk 

i 
1_K                             U* 

h     n                                    h      s 
\                                                      0 

h 

■ D-< 

Figure  27 

two-legged  rectangular  bent  with  any  horizontal  load  on  the  leg  AD. 
Th<-  legs  are  hinged  at  D  and  C.     P  represents  the  resultant  of   any 

m  of  horizontal  forces  acting  on  AD. 

If  Mb  represents  the  moment  of  P  about  D, 

Mju>+MBC+MD  =  0 

Applying  the  equations  of  Table  1  gives 

MAli  =  2EK(2dA+dD) (96) 


MM,  =  J^-(ldA-'SR)+HAD 


MBA=2EK(2eB+eA) 
EK 


■(Mh-zr) 


MAn  +  Mfsc+MD  =  0 


(97) 

(98) 

(99) 

(100) 
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Equations  96  to  100  an*  almost  identical  in  form  to  equations  54 
to  58  of  section  22.  Hence  the  solution  for  the  momenta  by  eliminating 
values  of  6  and  R,  as  in  section  22,  Lri-. 


Mam  = 


1     Af„(2s+3)-2n  Had 


ri+«+3 


(101) 


Mac   =    —    -=r 


1_  Mlt(2n+Z)+2n  II .u, 
2  n+s+3 


(102) 


If  n  =s,  that  is,  if  the  sections  of  .1 D  and  B( '  have  the  Bame  moments 

of  inertia,  equation-  102  and  101  take  the  form 


Mnc  = 


2   L*Uw  +  "2n+3"J 


(103) 


M.xn=  — 


MD- 


2//   //.!// 

2n+3 


KM 


If  72  =  s=l,  equations  103  and  mi  take  the  form 


Mac** 


-  -rftffoMD+2HAD 


105 


M*s«-^[5Jfi>-2J5r 


\/» 


106 


If  both  lege  of  the  bent  arc  loaded  and  if  the  benl  and  loads  are 
Bymmetrical  about  a  vertical  center  line 


r   ~"  i 

h3  J 


Ki7 


Values  of  Had  to  be  used  in  equations  I'M  to  l<>.  yen   in 

Table  2. 


25.     Tun-i, (jtji ,1    Rectangular    Bent,     .1/"/    s  //        niaJ 

Loads  on  0m  I  ■       /■■  .    Fixed  at  On  E  I  k   _'s  repn  t  t  wo- 
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Figure  28 


legged  rectangular  bent  with  any  horizontal  load  on  the  leg  AD.     The 
are  fixed  at  D  and  C.    P  represents  the  resultant  of  all  the  forces 

(.ii  AD. 

If  Mb  represents  the  moment  of  P  about  D, 

Mab+MDa+Mbc+Mcb+Mb=0 

Applying  the  equations  of  Table  1  gives 

MAIi  =  2EK(20A+dB) 

nMA1J  =  2EK(2dA-ZR)+nCAD 

nMDA  =  2EK(6A-SR)-nCDA v    . 

MBA  =  2EK(2dB+dA) 


MBC  =  2EK(2dB-3R)        .      .      . 

MrB  =  2EK(dB-SR)    .      .      .      . 

M.\b+Mba+MBc+Mcb+Md  =  Q 


(108) 
(109) 
(110) 
(111) 
(112) 
(113) 
(114) 


The  (filiations  108  to  114  are  similar  to  equations  65  to  73  of 
Bectioo  23.  The  method  of  solving  for  the  four  unknown  moments 
will  ]><■  dour-  in  a  different  way  from  that  of  section  23.  The  equations 
will  first  \,c  combined  to  eliminate  6  and  R,  then  the  resulting  equations 
solved  simultaneously  for  the  moments. 

Adding  equation  1 12  and  two  times  equation  110  and  subtracting 
equation  100  and  two  times  equation  113  to  eliminate  dA,  dB,  and  R 

»  MA,1+sMItc-2sMCB+2nMDA=-n{CAD+2CDA)    .    (115) 
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Adding  equation  109  and  two  times  equation  112  and  subtracting 
equations  110  and  111  and  two  times  equation  113  gn 

-nJfAB+(2H-l  Mt       2  MCB-nMDA=n(CAD+CDA      116) 

Adding  equations  108,  110  and  L12,  and  subtracting  equations 
109,  111  and  113  gn 

(n+l)MAB+(8+l)MBC-8  Mcs+n  Ml)A  = 

-n(CAD+CDA) '117 

Equation-  114  to  117  are  rewritten  in  Table  7.  In  this  table  the 
unknown  moments  are  written  at  the  heads  of  the  columns  and  the 
coefficients  arc  written  below. 

T  M'-IK    7 

EQUATi  B    I'llK   TWO-LBGGBD    R  I'k..    28 


No.  of 

Left-haml  Member 
of  Equation 

Right-hand 

M •  1 1 il >er  of 

[uation  . 

ttion 

Mae 

Mac 

M,  a 

MDA 

Equation 

ttained 

114 

-1 

1 

1 

1 

-Mn 

114 

115 

H 

s 

-2s 

2n 

-n(CAD+2C 

-(10            12    •  2  11" 
113 

116 

—n 

2s  +  l 

-2s 

—  n 

i 

-(lll)+2  112     2  113 

-(110)  +  (109) 

117 

n  +  1 

a+1 

n 

hCDA) 

(108)-(109)  +  <11«> 
-(111    •    112        H 

Solving  i!  illations  simultaneously  and  lettin 

A0  =  2<  1  Lan+Sstf+SsVi+^+s+nH 

118 


U  <■■=-  -^-\^  ■    ■  2    Md-Cda)  I  Cad  3  1  11 

-3      i   1 L20 
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-p  s  (3ns  +  2s  +  5/2  +  2)  (MD-CDA) 
° 

+  nCAD@si+12s+l)  ]-Cda 

If  n  =s  equations  118  and  121  take  the  form 

_         n   r  S(MD-CDA)  /    1  3    V 

-Uw,~    "^[~~~^+l  Ca7)V^+2+6^+1/ 


(121) 


AfBc=  - 


Mcb=  — 


S(MD-CDA) 
6ft+l 


C 


AD 


1 


ft  +  2       6/2+ 1 


(122) 


(123) 


(3?i+l)  (MD-CDA) 
6ft+l 


C 


AD 


3n 


ft+2      6ft+l 
.     .     .     .     (12^ 


MDA 


(3ft +1)  (MD-CDA) 
6ft+l 


+  Cad 


1 


3ft 


ft+2      6ft+l 


-C 


DA 


(125) 


If  both  legs  of  the  bent  are  loaded  and  if  the  bent  and  loads  are 
symmetrical  about  a  vertical  center  line 


MAIi  =  MBC=- 


n 


n+2 


Cad 


(126) 


Mf/{=-MDA  = 


ft+2 


Cad  -\~Cda 


(127) 


Values  of  Cad  and  Cjm  to  be  used  in  equations  118  to  127  are  given 
in  Tabl 

Two-legged  Rectangvlar  Bent.     Any  System  of  Vertical  Loads 

<>/<  the  To/,     U      Hinged  <>l  I  he  Bases. — Fig.  29  represents  a  two-legged 

liar  benl   having  any  system  of  vertical  loads  on  AB.     The 

hinged  at  I)  and  c.     P  represents  the  resultant  of  the    loads 

«,ii  AB. 


ANALYSIS    OF    STATICAL!/!     [NDETERMINATE    STRUCTURES 


56 


i  a: 

A     n 


I    K 


8 


Figi  bi  29 

Applying  the  equations  of  Table  1  gh 
MAB=2EK  2Ba+6b)-Cab      •     - 


EK 
MAD=—(Z$A-SR 
n 


MBA=2EK  -20,t+dA)  +  i 


EK 
MBC=?jJ?eB-ZR 


MAD+MBi  =0 

Eliminating  values  of  0  and  /.'  as  in  section  22  gives 


w  r  Cju+Cba  i 

2  [       h«+3 


Uw>  = 


3  rc^B  +  c^i 


=  -.w 


•    (128) 

L30 

i:;i 

.  (Ill 


Values  of  Cba  and  C^a  to  be  used  in  equations  133  and  134 
n  in  Tabli  2 

27.     '/  ■  ■-'•     ■  ■  /.'<  dangviar  Bi  nL     .  1 1 

on  /A,   Fop  /.■      Fixed  at  th   B  I  ats  a  two-legg 

rectangular  benl  with  any  system  of  vertical  loads  on  AH.     The  Ior> 

are  fixed  a1  C  andD.     Pn  nte  the  resultant  of  all  the  loads  on  AB, 
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I  K 


1  _K 

h~  5 


B 


Figure  30 

Applying  the  equations  of  Table  1  gives 

nMDA  =  2EK(dA-3R) (135) 

■  MAn=-2EK(2dA-3R)    .      .     .      r (136) 

MAB  =  2EK(2dA+6B)-CAB (137) 

MBC=-2EK(2dB+dA)-CBA        .      J/\ (138) 

M,u=2EK(2dB-3R)        .      . (139) 

Mcn  =  2EK(dB-3R) (140) 

-Mab+Mbc+Mcb+Mda=0 (141) 

Combining  these  <'piations  as  indicated  in  the  table  to  eliminate 
0A,  6n.  and  R  gives  the  equations  in  Table  8. 

mations  simultaneously  gives 

|  '  Wl0/<*  +  x2)  +  CAB(llns+2s2+2s  +  2n)  \     .  (146) 

•u>-"-=          {CiiA(Um+2n2+2n+2s)  +  CAB(10ns+n2)  I     .  (147) 
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Table  8 
Equations  for  the  Two-legged  Rectangular  Hent  Represented  bt  Fig.  30 


No. 

of 

Left-hand  Member  of 
Equation 

Right-hand 

Member  of 

Equation 

How  Equation  Wit 

Obtained 

tion 

M  Ml 

M  BC 

AfcM 

M  l,.<L 

142 

-1 

1 

1 

1 

0 

(141) 

143 

It 

1 

-2s 

In 

0 

L36)+(139) 

+2[(135)- (140)1 

11144 

— fl 

25  +  1 

-2s 

—  u 

—Cba 

(138)+2[(139)-  (140)] 
-[(18fi    -    i 

145 

n+1 

f+1 

— s 

n 

—  (Cab+Cba) 

L35)+(136)+(137)+(138) 

+  (139) -(140) 

-Vc/,=  -^-|r/M(7/<.v-2/i2-2/?+.s)+(,A/i(S^.s-/r+:3/i)}     .       148 

Mda  =  -^{  CnJKns-S+Zs)+CAB(7ns-2s--'>s  +  n)  }         .    (149 

in  which  A0  =  2(ll*n+3*n2+3*2n+s2+.s  +  /i2-hn) 

/•' 
If  the  load  is  symmetrical,  that  is,  it  Cba^Cab  =  — r> equationa  l  16 

to  149  take  the  form 


Mbc--tt  (21fia+3t*+2il+2a) 


Mija  =  ,-r-  (15na— 3r-fa+n) 


L60 
(151) 

163 
153 


If  the  benl  ia  symmetrical  about  a  vertical  center  line,  thai   is, 
if  a— a,  equations  146  to  L4fl  take  the  form 
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*---flc-[sri-tsii]+c-[A+sii]f  •  (156) 
*~-  HM»Vra]+M;^-ra] }  •  (157) 

It  the  bent  and  the  loading  are  symmetrical  about  a  vertical  center 

F 

line,  that  is,  if  »=s  and  Cba~  CAb  =  -p equations  146  to  149  take  the 

form 

2        F 


Mab  —  Mbc  — 


McB—  —31 DA  — 


(w+2)   Z 

1     F 

n+2  I 


(158) 


(159) 


28.     Two-legged    Rectangular    Bent.     External    Moment    at     One 
Legs  Hinged  at  the  Bases. — Fig.  31  represents  a   two-legged 


% 


h      n 


f-* 


Figure  31 


ogular  benl  having  legs  hinged  at  the  bases.  An  external  couple 
whose  momenl  is  represented  by  M  is  applied  at  A. 

Applying  the  equations  of  Table  1  to  this  bent  gives  four  equations 
which  an-  identical  with  the  first  four  equations  of  section  22.  Also, 
for  equilibrium  at  .1 . 


VMAB=M 


(160) 
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Solving  these  five  equations  for  the  moments  gives 


2     (n+s-\ 


(m) 


For  equilibrium  the  horizontal  reactions  at  C  and  Z)  must  be  equal 
and   opposite.    Therefore,    Mad  =  —  Mm  ■    Combining  equations   160 

and   161   gives 


Mad  =  —Mac  = 


M 


2  V/i+x+U 


162 


If  the  benl  is  symmetrical  about  a  vertical  center  line  n  =  *.     Equa- 
tions  161  and  L62  then  reduce  to  the  form 


MAn=M 


Mad-  -Mm  ~- 

If  n  =  s=l 
MAII=  -  M 


*       1 
2n+3)J  " 

=  -(—) 
2  \2n+SJ 


2    ( 

3  , 


10 


MAI>=-MIU=  —  M 


(163) 
164 

(165) 

L66 


29.     Two-legged  Rectangular  Bent.     External  M I  ai  <>■     I 

ner-    Legi  Fixed  at  th    /•'■■  ■        Fig,  32  represents  a  two-legged   r 
tangularbenl  having  legs  fixed  at  the  bases.     An  external  couple  wt 
moment  is  represented  by  M  is  applied  at  A. 

Applying  the  equation-  of  Table  l  to  this  bent  gives  six  equate 
which  an-  identical  with  the  first  six  equations  of  Bection  23.  1 
equilibrium  of  the  entire  bent . 


-Mab+Mda+Mbc+Mcb-  -M 


Also, 


Mab+Mad-M 


L67 
168 


Mba+Mbc-0 
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-    vim:  these  equations  for  the  moments  gives 
M 


Mab= 


c- 


X 

nM 
X 

nM 


{Uns+2s2+2s+2n)+M (170) 


(lOs+n) (171) 


■-^-(Ss-n+S) (172) 


MI>A  =  '-r-(~ns-2s?-2s+n) 


(173) 


1  K 

A=7 


I__K 
A~7 


D 


Figure  32 


.1/ 


Mad  = '—  ain.s+2s2+2s+2n) 


in  which 

X  =  22m  +  2(.s2  +  .s+n2+n)+Q(sn2+s2n) 

If  the  benl  is  symmetrical  about  a  vertical  center  line  n  =  s. 
170.  171,  172,  173,  and  174  then  take  the  form 

M 


u-  =  7[1+^2-bw] 


=  rr 


M[    n 


2  |_n+ 2     6n+ 


«„. 


•J 

[— +— 1 


(174) 

Equa- 

(175) 
(176) 
(177) 


ANALYSIS    OF   STATICALLY    INDETERMINATE    STRUCTURES  65 

M"-"ybr*zi\ (17s 

*— f^-A+eii] 17' 

It"  n=«=l,  equations  170.  171,  172,  173,  and  171  take  the  form 
MAb^M (180 

Mbc=~M L81 

Mcb=~M (182 

MDA=±p U 

Mad^M (184 

30.  Two-legged  Rectangular  Bent.  Settlement  <*/  Foundation* — 
Legs  Hinged  at  Ou  Ba  es.  Fig.  33  represents  a  two-legged  rectangular 
bent.  The  legs  of  the  benl  are  hinged  at  /)  and  C.  The  unstrained 
position  of  the  bent  is  represented  by  the  broken  line  DA'B'C.     Due 

to  settlement  of  the  foundations  the  point  ("  has  moved  to  I  ■     1 
motion  of  C  can  be  considered  as  made  up  of  two  p  flows: 

first,  without  being  strained  the  benl  rotate-  about  I)  until  <"  is  at 
.  a  point  on  (  h:  secondly,  the  bent  is  strained  by  applying  a  foroe 
at  ('"  acting  along  h<    which  m<>       i      to  C\  that  is,  no  matter  what 
motion  of  C  relative  to  D  take-  place,  the  stress  in  the  bent  depen  Is 
only  upon  the  change  in  the  distance  of  C  from  D, 

The  change  in  the  distance  from  I)  to  ('  \<  repn-ented  l>\  </.    <l  is 

made  nj)  of  tWO  part.-.  d\  due  to  the  deflection  of   ADt  and  '/.•  due    to 
t  lie   deflection    of    I K   . 

Applying  t  he  equations  of  Table  1 

Mab-~  '  K   3ft,     3J2         (185 

Mm     2EE  2$A  M         186 
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Mbc=-2EK@0b+0a) 


S  6  It 


(187) 

(188) 
(189) 


1/ 

c7      7 c 

Figure  33 
Solving  these  equations  for  the  moments  gives 

mab=mbc=4-  ( i^JL    (i9°) 

/i    (n+s+3) 
If  the  bent  is  symmetrical  about  a  vertical  center  line  n  —  s,  and 

Jfc.-Jf.e-   T2HT3 (l9l) 

It  n=«=l 

Um,  =  Mhc=  4^  yek (l92) 

d  in  equations   L90,  I9l,  and  192  represents  the  increase  in    the 
mce  from  I)  to  C. 
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31.     Two-legged   Rectangular   Hint.     Settlei  nidation 

/.       Restrained  at  th<   Eg  es.     !   _.  3  '•  i  i  two-legged  rectan- 

gular bent.  The  lege  of  the  benl  are  restrained  at  C  and  D.  The 
unstrained  position  of  the  bent  is  represented  by  the  broken  line 
DA'B'i  '.     Due  to  settlemenl  of  the  foundations  C  has  moved  to  C. 


•i  ii 


The  foundations,  moreover,  have  tipped  so  that  whereas  the  tangi 
to  the  neutral  axes  of  the  columns  at  the  bases  were  originally  vertical 
now  they  arc  inclined.     The  motion  of  the  l>ent  can  be  consider 
made  up  of  two  parte  ►llows:  first,  without  being  strained  the  b 

rotates  about  l>  until  C"  w  point  on  Di       At  the  same  tune 

the  supports  rotate  bo  that  the  tangents  to  the  aeutra  the 

columns  at  the  bases  are  normal  to  DC,    Th<  Lions  produce  no 

stress  in  the  bent;  secondly,  C  I     the  support   h 

through  the  angl<    0      ind  the  support  C  rotate*  through  the 

that  is,  no  matter  what  motion  of  C  relative  to  D  Miv>- 

in  the  bent  depends  only  upon  the  change  in  the  distance  of  (    from  h 
and  upon  the  rotation*  of  the  supports  at  I)  and  C  n latin  tot)  DC 

DOt    Illative   to   In   ' ). 
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Applying  the  equations  of  Table  1  gives 
2EK 


=  - 


{26A+0D-3Ri) 


MAB=2EK(20A+dB) 
=  -2EK(2dB+0A) 


=  ZEKyeB+dc-zRi) 


Af,  B  = 


8 

2EK 


(193) 

(194) 
(195) 
(196) 


(2ec+eB-2R2) (197) 


MDA  =  ^-{2dD+eA-SR1) 


(198) 


For  the  columns  to  be  in  equilibrium 

Mda-Mab+Mbc+Mcb  =  0 (199) 

mbining  these  equations  and  solving  for  the  moments  gives 

OJpfT  r  fl 

M*»=—A-~\  3  (6ns  +  2n  -  s)  -^-  +  <9ns  +  8n-  s)  6C 

-(ims  +  2n-7s-3s'2)dD~\ (200) 


= 


2EK 


A0 


3  (6ns-w+2s)  -^  +  (6ns  -  In  +  2s  -  3n2)  Bc 


h 


-   9n*-n  +  8s)  BD~\ 
2EK 


(201) 


X 


d 


3  './/.v+on  -f  2.S+1 )  —  +  (12ns  +  22n  +  4s+3+3n2) 0< 


1  <+7«+3)  (9d 


(202) 


1 3(6rw  +  2n  +  5s+l )  —  +  (9ns  +  7n  +  7s+3)  dc 
\n  |-22«+3+3«2)^l (203) 


'm  ui 

-      -  2  ■6(n2«+«2n) 
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If  the  bent  is  symmetrical  about  a  vertical  center  line  n  =  >•.     Equa- 
tions 200,  201,  202,  and  203  then  take  the  form 


Mab  = 


Yd       3  dc-dh    ,   3(flc+0/>n 

B-EK[—  77+2-+^f2-+     6n+l      J 


.   (21)1 


J//JC  = 


L  h    n+2i"    a+2         6n+l 


21  ':. 


_         T  d    3(n+l)        2n+3  ,fl  3(fl<-+< 


•  (2 


L  //    n(n+2)        n  n  -  2  i-1 


If  n  =  s=\ 


Mau  = 


B=*S21-j-+16*c+2fel 


208 


arBC=M.r2iA«2fc-i6fcl 


.!/,■„  = 


21  |        A 


•  II",     266 


i 


210 


.V,^  =  - 


EK 


21 


K^j-+260c- 


440  J 


211 


In  all  these  equations  0  is  measured  from  ■  line  normal  to  the 
line  (  l>. 

If  the  foundation-  settle  without  tipping  it  ifl  more  oonvenienl 
measure  0  from  a  line  normal  to  the  original  position  DC.     11  ii  then 

nary  to  consider  the  vertical  settlement  d  . 

Proceeding  as  before,  if  the  tangents  to  the  neutral  axe-;  of  the 

columns    at    their    ba>e>    remain    vertical,    if    the    ha>« 
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horizontally  by  an  amount  represented  by  d,  and  if  C  settles  vertically 
by  an  amount  represented  by  ds,  it  can  be  proved  that 

-V.w,-  =  ^-  \*^ns+2n-s)j-S(ns+2n+2s+s2)j-        .      .  (212) 
lhw  =  ^\3($»s-?i+2s)j  +  3(ns+2n+2s+s2)Y\      .      .  (213) 


^/r„  = 


J^^,,.^.,^  „,  ...  „.<f 


^V|3((^x+5^+2s  +  l)-^-3(ns+5n-s+n2)Y-l    .  (214) 


-L//M  —   — 


j-  [s(6ns+2n+5s+l)j  +  Z(n8-.n+5s+s>)^    (215) 

If  the  bent  is  symmetrical  about  a  vertical  center  line,  n  =  s.    Equa- 
tions  212,  213,  214,  and  215  then  reduce  to  the  form 


*""™[t  ^~T  g£l] (2163 

*"-"[t  ^3+f  TO] (217) 

L  A  n(n+2)       Z     6n+lJ  ••-...  (218) 

(_  A  n(n+2)^Z    6n+lJ (219) 


If  n  =  s=l 


^^[l-Tt] 

-U/;r  -  /-/A' 


(220) 


"  d        6    d9  "| 

fe      TTJ (221) 


L*       7TJ   " 


-U/M=-AA'r 


(222) 
(223) 
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VII.     Two-legged  Rectangttlab  Bent.    Oni   Leg    Lonoeb   than 

thi;  I  )thi:k 

32.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the 
Other.  Concentrated  Horizontal  Load  at  Top  of  Bent  -Lege  If  ■  jed  at 
the  Bases. — Fig.  35  represents  a  two-legged  rectangular  bent  having 
one  leg  longer  than  the  other.  The  l»Lr-  are  hinged  a1  C  and  D.  Lei 
q  equal  the  ratio  of  the  length  .1  D  to  the  length  B(  . 

The  horizontal  deflection-  of  .1  and  B  art-  equal  and  are  represented 

l>y  d.     Had  is-r-and  Rbc  i>  t '/•     It  Rah  la  represented  by  B,  Rm  •  =  </  R 


Ik. tie 

Applying  the  equations  of  Table  l  frj 

MAB-2BK(2$A+t  »4 

Mad-—Wa-*R       (226 

n 

MBA-2BK  2fa+fci) 

Mbc-—  &0B-o*qR         ■     ■     ■  ■     (227 

s 

Mju>+q  Mac+PA-0      ....  -"28) 
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Substituting  the  value  of  6B  from  equation  224  in  equation  226 
and  substituting  -AfBc  for  Mba  gives 


eA  =-±(Mbc+2MAb) 


(229) 


Substituting  the  value  of  R  from  equation  225  and  the  value  of 
dB  from  equation  224  in  equation  227  and  substituting  —  MAB  for 
Mad  gn 

wdm[MABi*-2nq)-2sMBC] (230) 


04   = 


Equating  the  right-hand  members  of  equations  229  and  230  gives 

MBc(2  +  q+2s)+MAB(l+2nq+2q)=0 (231) 

Substituting  —MAB  for  MAD  in  equation  228  and  eliminating  MAB 
from  equations  228  and  231  gives 


Mbc  = 


2nq+2q+l 


Bc=~Ph\ 

=  Ph\ 

r  Llq(2nq+2q+l)  +  (2s+2+q) 


Ma*  = 


q(2nq+2q+l)  +  (2s+2+q) 
2s+2+q 


] 


] 


(232) 
(233) 
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Figure  36 

TwoJegged  Rectangular  Bent.     One  Leg  Longer  than  the  Other. 
I  Horizontal  Load  at  Top  of  Bent— Legs  Fixed  at  the  Bases.— 
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Fip;.  30  represents  a  two-legged  rectangular  benl  having  one  leg  loi 
than  the  other.     The  Legs  are  fixe  I  a1  C  an  1  D. 

The  horizontal  deflections  of  A  and  B  are  equal  and  are  represented 

by  d.     Rah  island  Rgc  is-j  7.    If  RAD  is  represented  by  R,  #/„•  = 

Applying  the  equations  of  Table  I 

■l/w-^2/),-  

\IAh  =  ^j-c28,-:>,l<, 

MDA=^(BA-3R        

M.BA=2EK(2eB+eA) 

MBi      ~lh  26B-3qR) 2 

MCB=2—(0B-3qR) 2 

MAD+MDA+qMBc+qMCB+Pl     0 240 

Jf^B+lf^D=0 24] 

Af^  •  MB(     0 242 

Substituting  the  values  of  M  wi  and    MAd  from  equations   - 
and  235  in  equation  241  _ 

Bubstituting  the  values  of  H    l  and   U ...    from  equatiom  md 

238  in  equation  2  L2  g 

<7f)+<7f) 

Substituting  the  values  t«»r  the  moments  in  equation  240  a 

(77)-"  I  r)    -  77  71/ a 


;i 
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a 

Solving  equation  243  for  -£  gives 


0*      ±       2*± 

R      n         R 


l+ri 


(246) 


Substituting  the  value  of  -rr  from  equation  246  in  equation   244 
ghn 

_0a  _:^2.N-  +  2-m/)  ^247) 

R       3ns+4n+4s+4 

Substituting  the  value  of  -£  from  equation  247  in  equation  246 

da  _    'M2nq+2q-s)  (248) 

R     3ns+4n+4s+4 

Substituting  the  values  of  -^-and-^-  from  equations  247  and  248 
in  equation  245  and  solving  for  -5-  and  letting  A0  represent 


h  ins  +  s2  +  s  +  Znsq  +  Zn2sq2  +  n2q2  +  nf  +  4nsg2) 
1  r»A7v    /  A0 


R         nsPh  V  3ns+4rc+4s+4 


.    (249) 


Substituting  the  value  of  -^   from  equation  249  in  equations  247 
and  248  giv 

nag*  3(2s+2-ng)  (25Q) 

9bSS  n*Ph    Mh'1+Z'I-*)  m      ,      t    (25i) 

1 1 E  k  A0 

Sul  stituting  the  values  of  6A  and  dn  from  equations  250  and  251 
quatione  23 1  and  237  gives 

Mab_  n.PA(&,+4+2g) (252) 
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Mha  = 


A0 


Substituting  the  valu<  and  R  in  equations  236  and  239  gives 


M„A  = 


s  Pn(3«n+4n+gn+28+2) 


25 1 


AfcB  = 


n  Pfc(3n*g+4*g+2fi$+«+2g) 


34.     Two-legged  Rectangular  Hint.    Oru  Leg  /.     >rtltnn  the  Other, 
.1/  .   //..    :■  •  ■■    Load  on    Vertical  Leg    Legi   II  i  fed  a/  /A*    Bases. — 
1  g,  37  represents  b  two-legged  benl  having  one  leg  longer  than  the 
other.     P  represents  the  resultant  of  any  system  of  horizontal  foi 
applied  to  the  Leg  AD.    The  legs  of  the  bent  are  hinged  at  I)  and  C 


A 

/ m 

B 

P  > 

1 

I  K 

h~  n 

9 
i 

1 

h 
\ 

A 

V 

J 

I 

Applying  the  equations  of  Tal>lc  l  l 

U.w;        EK  MA  nil,, 

Mae     2EK(2Ba+Bb) 

Ml:i         2EK  2Bb+0a) 

l.k  3  R         .... 

TIp  •  ing  on  the  members  .1  D  and  B(  bown  bo 

Mo  representfl  the  moment  of  P  about  l>. 


2 
I 
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Figure  38 


Equating  to  zero  the  moment  of  the  external  forces  and  reactions, 
about  the  point  D,  gives 


[— " 


(t-«) 


0 


(260) 


Equating  to  zero  the  moments  about  the  point  B  gives 

Mbc+H  — =0 
9 

Combining  these  equations  gives 

MAR-q  Mli(;  =  MD 

mbining  equations  256  to  259  as  follows 

—|-|[2(256) -3(258)  -4(259)]  [z+q\  ~  [4(256)  +3(      '. 

-2(269  j[l+2ry]lr 

numerate  in  the  parentheses  are  the  equation  numbers)  gives 
M  ,/f  l;H-.lf/Jr;r2.s-h2-h2)  =  -2y/i  Had  •      •       •       .     (261) 
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Substituting  the  value  of  Mac  from  equation  260  in  equation 


gives 


M  AR  = 


1    MD(28+2+q)-2tfn  Had 


2  fn+s+1+q+q* 

Substituting  the  value  of  Mae  in  equation  261  gives 


M*c=  — s- 


1     MD(2qn+2q+l)+2qn  Had 


2  g^+s+l+g+tf 

If  n  =  s,  equations  262  and  263  take  the  form 
J_    .U/,(2//+2  +  r/)-2^  //,„, 


-V«c  =  -  TT 


1     Ar0(2on+2g+l)+2gfi  Had 


264 


2  p>+n+l+0+g" 

If  n=*=»l,  equations  262  and  263  take  the  form 

„  1     Mj>(A+q)-2<fHAl> 

2  2+g+2y 

,,  1     J/f,n+47)+27//.4/, 

MflC="T   2+^+2^ (26?) 

Values  of  //a/;  for  different   systems  of  loadings  to  Imj  used   in 

equation-  202  to  2(>7  arc  given  in  Table  2. 
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Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the  Other. 
Any  Horizontal  Load  on  Vertical  Leg— Legs  Fixed  at  the  Bases. — Fig.  39 
represents  a  two-legged  bent  having  legs  of  unequal  length.  P  repre- 
Bents  the  resultant  of  any  system  of  horizontal  forces  applied  to  the  leg 
AD,  The  legs  of  the  bent  are  fixed  at  D  and  C. 
Applying  the  equations  of  Table  1  gives 

nMAn=-2EK(2dA-SR)-nCAr> (268) 

MAB=2EK(26A+dB) (269) 

MBc=-2EK(26b+0a) (270) 

,Mnc  =  2EK(2dB-3qR) (271) 

MCB=2EK(eB-3qR) (272) 

,<  MI,A=2EK(dA-3R)-nCDA .*     .  (273) 

The  forces  acting  on  the  members  AD  and  BC  are  shown  in  Fig.  40. 
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Mk 
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Af0A 


P-H 


Mbc 


H   — 
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Mi 


Figure  40 


MD  represente  the  moment  of  P  about  D.     Equating  to  zero  the 
moment  of  the  external  forces  and  reactions  about  the  point  D  gives 

Md-Mab+Mbc-Mcd+Mda+h(- — h\=Q 

A, 

M,,-    (       H— =0 

7 
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Combining  these  equations  gives 
MDA-MAB+qMBC-qMcD^-Mv (274) 

mbining    the   equations   as  indicated   gives   the   equations   of 
Table  9. 

Solving  these  equations  simultaneously  gives 

VAn  =  ±\MD-CDA)  s  (Ss+4+2q)-CAD(6q2ns+Ss2+±s+qs 
+2g*i (278) 


Mbc=-£\(Md-Cda)  s  (3gn+2  +  4g)  +  CAD(3qns-  2s  -  2qs 
-tfn)l (279) 

Mcb=~  }\(MD-CDA)(3qns+s+'±qs+2qii+2q)+CAD(3qns-s 

-2qs+2qn+q2n-qj>  (280) 

MDA  =-^i(MD-CDA)  s  (3ns+4n+gn+2s+2)+CADn(3s2+ 

4s(l+q+q2)+q2)l  -CDA >     .     .     .     (281) 

A  =2  Jrzs(4+3g+4g2)  +  (s2+s)+g2(n2+n)+3(g2sn2+s2n)lfor  equa- 
tions 278  to  281  inclusive. 

If  n=«,  equations  278  to  281  take  the  form 

MAh  =  ^-\(Md-Cda)  (3n+±+2q)-CAD(6q2n  +  Sn  +  4:  +  q  +  2q2)\- 
(282) 

MBi  :=  -£{(MD-CDA)(3qn+2+4q)+CAD(Sqn-2-2q-q*)}(28d) 

^I>H=--J\l^!!>-(\,A)(^qn2+n+Qqn+2q)+CAD(^qn2-n  +  q2n 
-<i)\ (284) 
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MDA=-g\(MD-CDA)  (3  »+g»+2)+Ci>[3nt+4n  (l+g 

+tf)+f\  }~CDA       2 

A0  =  2  hn(5+:  hl  +  fl*}  for  equations  282  to 

285  inclusive. 


If  ?i  =  ,s=  1 ,  equations  28  n~>  take  the  form 

MAB=^{(MD-CDA)  (7+2,       I       v   hg+7)}    . 

afBc=-£{(Mi>-Cj  ,      7g+2)H  -2-f)} 

Mcb=-1\(Md-Cda      Llg+1)+Cj    2g-l+< 


M 


/m 


A„  =  6(3+ry+:V''  for  equations  286  to  289  inchu 
Values  of  (  Ai>  and  f  'a  i  are'given  in  Table  2. 


287 
288 


=  -^{(Mn-Cn.i)    (ll+9)+C^(7H  "/=)}-<'/,.»       (2 
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Two-legged    /.'•  '<■•      /<'  than 

(Hln  r.       .1  I'll   .v  '  '  /.<  ;       //    > 

tin   J:  I    ■_     11   n-pi  t  tuu-N-imol  U-nt   luivin 
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than  the  other.     P  represents  the  resultant  of  any  system  of  vertical 
loads  applied  to  AB.     The  legs  of  the  bent  are  hinged  at  C  and  D. 
Applying  the  equations  of  Table  1  gives 

nMAB  =  -EK(ZeA-ZR) (290) 

Mab=2EK(2Ba+Bb)-Cab (291) 

MliC=-2EK{26B+dA)-CBA (292) 

s\[BC  =  EK(36B-3qR) (293) 

Since  the  sum  of  the  shears  in  the  two  legs  equals  zero, 

-MAB+qMBc  =  0 (294) 

imbining  equations  290  to  293  as  follows 


f?±2      2(290)  -3(292)  -4(293)1  +  [" 


l+2q 


4(290) +3(291)-2(293) 


(the  numerals  in  the  parentheses  are  the  equation  numbers)  gives 
MAB(2qn+2q+l)+MBc(2s+2+q)  = 

-[CBA(2+q)  +  CAB(l  +  2q)] (295) 

Substituting  MBC  from  equation  295  in  equation  294  gives 

. .  q  CBA(2  +  q)  +  CAB(l+2q)  r2Qfiv 

m.\h=—  -o i — i — m — r-^ —     •     •     •     -n  •     •     •     K*yu) 

2        q2n+s+l+q+q~ 
Substituting  MAB  from  equation  296  in  equation  294  gives 
w  1   CBA(2+q)  +  CAB(l+2q)  ( 

MB(;——^r  5 ; — j— ; : — \ \&v I  ) 

F 
If  the  load  is  symmetrical  about  the  center  of  AB,CBA  =  CAB=  y- 

;  equations  290  and  297  take  the  form 
Mas J  g  -L  *+g  (298) 

tf»c j--f-    .    ,  .Vti    ,    .         (299) 

p 
\  aluea  of  f"yW.,  Caa,  and   .-are  given  in  Tables  2  and  3. 
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37.     Two4egged  Rectangular  Bent.     0m  I.-  hantiu  0 

Any  System  of  Vertical  L<>n<L<  ,,,t  Top  i  •  <•     /; 

Fig.  42  reprcMin^  a  two-legged  bent  having  legs  o!  unequal  length. 
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P  represents  the  resultant  of  any  Bvstem  of  vertical   loads  on  AB. 
The  lege  arc  fixed  at  I)  and  ( 

Applying  the  equations  of  Table  l  givi 


nMAB=-2ER  2BA     :\l: 

MAB=2EK(2$A  \-$B)-(  

Mm  =  -2EK  2BB+$A)-CBA 

bM  ,      2EK(2$B-ZqR         

U,  B     2EK  9B-3qR  

nMDA    2ER  "      3/2 

since  the  -inn  <>!'  the  shears  in  tin-  two  legB  equals  m 
-MAB+qMm  l  qMi  i  •  MDA    0  


301) 


imbining  equations  "»<><>  to 
of  Table  L0. 
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Solving  these  equations  simultaneously  iri\  • 
•VaB=-  -t-  "I  r'M[27//-v:i+27)+.s-]  +  r4/J[7«*(3+89) 

+2       _   f27-/<]  J. 310 

.V,„;=  -  -^--j  C,AA[iw(8+3g)+2gW  H2g«n+2s] 

+CAB&n8(2+Zq)+tfn*\l 311 

M<n=-  -^--J  CBJfw(4+3g)-2g«n1--2g»n+«] 

+C.ui[2rw(H-3g)-fiW+3«n]i 312 

-U;,,=  -i--]r  ■,,,[!>.  |-3g«] 

+Gu>fafw(3+4fl)-281-2    -../*]  L 

in  which  A#=2[tw(4+39+49s)H  H-n+l)+«(3iw+«+l)] 

If  the  load  is  symmetrical  about  the  center  of  A  Bt(  ,  -.a  — Cad—  t-» 

and  equations  310  to  313  take  the  form 

Mu— |- j  [3jw(3+ij)+3       -      -'         ....      314 

afca--  x  T  '  -'7)~f,s*1    •    •  ' 

^"XT  4-2g)-3*+«<3<     2   f-tfn]  ;i" 

It'  n       equations  310  to  313  take  the  form 

Mab--  -'      \(     ■,-    I     I ■       ■■ 

-V,       \ 

:  [- 
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Mbc  =  -  3-  \  Cba  [n(8  +  Sq  +  2g»)  +  2  +  2g2] 


Mcb  =  -  X  1  Cba  [n(4  +  3g  ~  2g2)  +  *  ~  2g2] 

+  C^[/K2+6?-<z2)+3g]l (320) 

MDA  =  -5-  -j  CV  [n(-l  +  6g  +  2g2)  +  3g] 

+CAb  ^(-2+3^+4^) -2+g2]  J (321) 

11  which  A0  =  243/i-(l+52)+<5+3g+5g2)  +  (l+g2)] 

F 

7 


If  n=s  and  CBa  =  CAb=  —r~  equations  310  to  313  take  the  form 


]11'^"iTwl+w)+2+w (322) 

Mnc=-  -^  -j-    [3n(4+39+g2)+2+2g2] (323) 

Mcb=--£  -j-  [3n(2+3g-g2)  +  l+3g-2g2]      r    .      .      .    (324) 

M|""XT    [•M-1+35+2^2)-2+3g+g2]        .      .       .    (325) 

F 
\  alues  01  Cb^j  Cab,  and— t- are  given  in  Tables  2  and  3. 

Two-legged    Rectangular    Bent.     One    Leg    Longer    than    the 

External  Moment  at  One  Corner — Legs  Hinged  at  the  Bases. — 

its  a  two-legged  rectangular  bent  having  one  leg  longer 

ther.     An  external  couple  with  moment  M  is  applbi  at  A. 

re  hinged  at  D  and  C. 

Applying  the  equations  of  Table  1  gives 

iB--   @eA-ZR)+M (326) 

Mab    2EK(2$A+eB) (327) 
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13 
MBC=-2EK  2BB+eA)       

Mac=  —  30B-3gfl) G 

MAD+qMBcs  0 

-U.W;-7.U/;,  ---.1/         

Combining  these  equations  and  solving  for  tin-   momenta  gives 


W 


-Vw,=  ^ 


2    v^+.v-hl+7  +  r 


-"#«<■  =  -  — — 


2    72/t+s+H 


Pegged    Rectangular    !>■  ikon 

Other,    External  Moment  at  One  (  '        /       ;  a/  f/»<    />•»  • 

Fig.  44  roproBcnte  a  two-legged  rectangular  bent  h 
than  tlir  other.     An  external  couple  with  m  r  I 

The  lega  are  fixed  at  (    ami  D. 
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m 


h     n 


D 


l-K 
I 


Q 


Figure  44 

Applying  the  equations  of  Table  1  gives 
2EK 


M.\n=- 


ri 


(2dA-SR)+M (334) 


MAn=2EK(2dA+dD) 
Mitc=-2EK(26n+eA) 

0X117 

Ml{C=^^-(2dB-3qR) 


Mcb— 


MDA  = 


s 

2EK 

s 

2EK 
n 


(dD-3qR) 
(6A-ZR) 


For  AD  and  BC  to  be  in  equilibrium 

Mi,A-MAn  +  qMDC+qMCB=-M 

Combining  these  equations  and  solving   for  the  moments 
Mn 


■  =  +  -£-  (0.s-2+8.s+3g.s+6g2ns+2g27i) 


=  - 


Mn 


1     \-(')qs  +  q2ri) 


MCB=-  -g-  (28+6q8+Sq-tfri) 


(335) 
(336) 

(337) 
(338) 
(339) 

(340) 
gives 

.(341) 
(342) 
(343) 
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MDA  =  +  -=-  (3giu  -  W  -  2»+  Wm+q 

v 


in  which 

A0  =  2  I"  w  (4+3$+4tf)  +*=+*  4-,/m  „  + 1 ,  +3fW<  ,/-■„  + 

40.     Two-b  {][)> '/    Rectangular    BenL     Om     /,>  ;    /  taofi    //<» 

OtJur.    Settlement  of  Foundations  -Leg*  llin<j<<l  ot  th>   /;■  Fig.   L5 

represents  a  two-legged  rectangular  benl  having  one  leg  longer  than 
the  other.  The  legB  of  the  bent  are  hinged  at  Dand  C.  The  unstrained 
position  of  the  bent  i-  represented  by  the  broken  line  1>.\  fB'(  '.     I 


Figi  iie  45 
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settlement  oi  the  foundations  the  point  C"  has  moved  to  C.     The 

motion  of  C  can  be  considered  as  made  up  of  two  parts,  as  follows: 

.  without  being  strained  the  bent  rotates  about  D  until  C  is  at  C", 

a  point  on  /)(  :  secondly,  the  bent  is  strained  by  applying  a  force  at 

which  moves  C"  to  C.     It  is  apparent  that  no  matter  what  motion 

lative  to  7)  takes  place,  the  stress  in  the  bent  depends  only  upon 

the  change  in  the  distance  of  C  from  D. 

The  change  in  the  distance  from  D  to  C  is  proportional  to  d.     d  is 
ide  up  oi  two  parts,  di  due  to  the  deflection  of  AD,  and  d2  due  to 
the  deflection  of  BC. 

Applying  the  equations  of  Table  1  gives 

It** —  (SdA-3Rt) (345) 

n 

MAB=2EK(2dA+eB) (346) 

Mlu=-2EK(2dB+dA) (347) 

MBC=  —  &6B-3qR1+^-) (348) 

.lumns  to  be  in  equilibrium 

Mab-qMbc^Q (349) 

ml  lining  these  equations  and  solving  for  the  moments  gives 

Mbc=&  *f,K,     ,. (351) 

h    (]-/!.+ s  +  l  +  q+q2 

41.     Two-legged  Rectangular  Bent.     One  Leg  Longer  than  the  Other. 

of  Foundations — Legs  Fixed  at  the  Bases. — Fig.  46  represents 

gged  rectangular  bent  having  one  leg  longer  than  the  other. 

of  the  bent  are  fixed  at  D  and  C.     The  unstrained  position  of 

•  is  represented  by  the  broken  line  DA'B'C.     Due  to  settlement 

foundations  the  point  ("  has  moved  to  C  and  the  tangents  to  the 

of  the  lege  at  their  bases,  originally  vertical,  have  been 

positions  shown.     This  motion  may  be  considered  as 

parts,  as  follows:  first,  without  being  strained  the 
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bent  rotates  aboul  D  until  C'k  .  a  point  od  Dt  nelly,  the  bent 

is  strained  by  applying  a  fore        I  "  which  mov<     I  thirdly, 

couples  are  applied  a1  D  and  C,  -till  further  straining  th  that 

the  tangents  to  the  elastic  at  the  bat  the  lege  make  an| 

of  6,,  and  Bc  respectively  with  lines  normal  bo  IX  .     I'  is  apparent  tl 


I   K.I    I 


no  matter  what  motion  <>i  C  relative  t<»  h  takes  plan-,  th.-  stn-.v*  in  tin* 
bent  depends  only  upon  the  change  in  tin-  dintancf  froi  h  and 

upon  the  anglee  9d  and 

The  change  in  the  distance  from  h  t»>  <   is  proportional  to 
made  up  of  two  parts,  d\  due  to  the  deflection  o  luel    t  h«* 

deflection  of  B(  . 
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Applying  the  equations  of  Table  1  gives 

Ko«-— (2«A+fa-38i)         (352> 

n 

MAB=2EK(2eA+eB) (353) 

Mbc=-2EK(26b+0a) (354) 

VliC  =  '~i*L(2dD+dc-3R2) (355) 

s 

.Vt-/{  =  — (2l9c+0c-3#2) (356) 

s 

MDA  =  2-^-(2dD+dA-3R1) (357) 

n 

For  the  legs  of  the  bent  to  be  in  equilibrium 

MDA-MAB+QMBc+qMcB=0 (358) 

<  'ombining  these  equations  and  solving  for  the  moments  gives 

MAB^^¥h   [6^s+2^~s]+  dc[9qns+2qn(3+q)  -  s] 

-dj,  [Crfns+2q2n-s(4:+Sq)-3s2]  I (359) 

MBc=  -^—  hj  [Qns-qn  +  2s]  +dc  [6ns  -  qn(3+4q)  +2s-3q2n2] 
-dD[9qns-q2n+2s(l+3q)]l  (360) 

McB=-£-\sSh  [6ws+n(4+g)+2s+l]  +  0C  [  12ns  +  2n  (6  +  3g 
+2r/)+4s+3r/n2+3]  -6D  [9qns+qn(6+q)  +s(l  +  6g)+3g]  I 
(361) 

,,  2EK  \nqd  . 

MdA=-  -£- y>^    \  fy[n8+2qn+8(l+4q)+q]  +dc[9qns+qn  (Q+q) 

+s(l+(i7j+:Vy]-^[12^ns+4g2n+2s(2+3g+6^2)+3s2+3g2] 
(362) 


ANALYSIS   OF   STATICALLY    IND1. 1  l.kMIN  ATK    BTB1  CT1  i; 

in  which 

A0  =  2  [n«(4+3g+4^)+^fi(3n«+n+l)+«(3n«-h«+l)] 

It  is  to  be  noted  that  0r  and  On  are  measured,  not  from   the  original 
direction  of  A  I)  and  BCt  but  from  a  line  normal  to  AB, 

If  the  tangents  to  the  elastic  curve-  of  the  legs  at  their  bases  remain 
vertical  the  moment-  can  be  expressed  in  term-  of  the  vertical  settle- 
ment of  C  relative  to  I).  The  0*8  are  then  measured  from  the  original 
direction  of  AD  and  BC  and  equal  zero.  The  displacement  d  is  me 
ured  in  a  horizontal  direction.  Proceeding  as  before  the  moments  are 
found  to  be  a-  follows: 

MAl{  =  2-f--^  [6*na+2g»-a]  -  -^  tf»s(13-4*) 

+2^(2  +  (iry+^)d-2.s(9  +  7-7^+.s,(i:]-h/ljJ.    .      .       . 

+  2gn  {l+5q+3f)  +  2«  (5H-6g-2tf)+oM* -f  :>7>][- .     .       36 1 

Mrn=^-f'h  [^+"(4+7)+2^+ii-n ;. 

+  n(8  +  luVy  +  l5tf+6tf)-«(3+lQg      1 
-2(l-2g+tf)]i 

(13-4g)-g»(4-r-2g-|-35    •     L8+15g+20j  -ty»)4-      13 

+2q(l-2q+f)]l 
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YIII.     Two-legged    Trapezoidal    Bents.     Bents    and    Loading 
Symmetrical  about  Vertical  Center  Line 

42.     Two-legged   Trapezoidal  Bent.     Bent  and  Load   Symmetrical 

■   Vertical  Center  Line.     Vertical  Load   on  Top — Legs  Hinged  at 

Fig.  47  represents  a  two-legged  trapezoidal  bent.     The 


* / m 

_J! 5L_ 


■=K 


Figure  47 


bent  and  the  load  are  symmetrical  about  a  vertical  center  line.      The 
a  are  hinged  at  C  and  D. 

From  symmetry  6A=  —  6B-     Since  the  deformation  due  to  shearing 

i  axial  stresses  may  be  neglected,  the  points  A  and  B  do  not  move, 

and  H  is  zero  for  all  members.     By  applying  the  equations  of  Table  1 

five  equations  are  obtained  which  are  identical  with  equations  128  to 

132  tion  26;  hence  it  is  seen  that  the  moments  in  the  members  of 

this  frame  are  independent  of  the  angle  of  inclination  of  the  legs,  and 

this  is  true  of  any  trapezoidal  frame  in  which  loading    and  frame  are 

mmetrica]  about  a  vertical  center  line.     The  direct  stress  does  vary 

with  the  angle  of  inclination,  and  may  be  found  from  the  equations  of 

aIkh  the  moments  are  known. 

Th«-  moment.-,  as  found  in  section  26  when  applied  to  this  case  in 

whicfa  bent  and  loading  are  symmetrical  about  a  vertical  center  line  are 

M~--*~-(ra)f (367) 


Mad=  ~Mh(  =  —  —- 


(368) 


ANALYSIS    OF   BTATI4  ALLY    indk TER1HNA  I  K    STR1 


Values  of  y- are  given  in  Table 

43.     Two-legged   T  \al  Bent     !>■  '  Load  Symmet 

about  Vertical  Vertical  Load  on  Top  -Ia  ,     Fixed  ai 

Bases. — Fig.  48  represent*  a  two-legged  trapeaoida]  bent.    11m  bent 


•  u  18 

and  loads  are  symmetrica]  aboul  a  vertical  center  line.    The  legs  are 
fixed  at  C  and  D.     From  the  preceding  paragraph  it  i>  seen  thai  equa- 

tionfl  158  and  159  of  section  27  apply  to  this 


MAI>=- 


"«~(iH>T 


Va*"" 

If  n  =  l 

/ 
nf^D=  —  Mm  =  —  -j- 


U     -     U     -  {  Z- 


172 


Val           -.-  for  different  loads  an  is  rabJ< 

1 1.     ]           1      / '  ■  . .     \al  I'" ' '.  Bent  at 

<//  Veri                                     \  '    /•• 

at  (h,   /;               i  tidal  hent  having  loads  DOR 
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Figure  49 

to  the  sides  AD  and  BC.  The  bent  and  the  loads  are  symmetrical 
about  a  vertical  center  line.  P  represents  the  resultant  of  the  loads 
on  AD,  and  likewise  on  BC.  The  legs  are  hinged  at  D  and  C.  As  in 
i<  .11-  VI  and  43  the  moments  are  independent  of  the  angle  of  inclina- 
tion of  the  legs.     Hence  equation  107  of  section  24  applies. 


Mad--Mdc-  (^-^HAD 
\in  =  l 


^1  AD  ~  I^HaD 


(373) 


(374) 


Values  of  HAD  are  given  in  Table  2. 


15.     Two-legged  Trapezoidal  Bent.    Bent    and  Loads  Symmetrical 

about  Vertical  Center  Line.    Loads  Normal  to  Legs  of  Bent — Legs  Fixed 

at  the  Bases. — Fig.  50  represents  a  trapezoidal   bent  with  loads  and 

similar  to  those  of  Fig.  49,  except  that  the  legs  are  fixed 

D  and  C.     Equations  126  and  127  of  section  25  apply  here. 


Figure  50 
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Mad=  - 


—  —Mnc—  I — r-rt)  Cad 
\n+2J 


Mda=  -Mcn=- 


li--(irr>  +Ch) 


If  n  =  \ 


Mad=—Mb{  =-^CAi>    ■ 


MnA  = 


—  Men  —  —  (   .,   (        \-Cda  ) 


;;v 


Values  of  C  arc  given  in  Table  2. 

46.     Two-legged  Trapezoidal  />'<  nt.     Bent  and   hoods  Symn 
about   Vertical  Center  Line.     External  Moments  nt    Upp* 
B(        Ia  .■  Hinged  at  Ou  Bases.     Fig.  51  represents  a  two-legged  in 


Eoidal  bent  having  couples  acting  at  .1  and  B.  The  1  ►« - 1 1 1  and  I 
couples  are  symmetrical  about  a  vertical  center  line.  The  Kegi  i 
hinged  at  ( '  and  D. 

As  in  sections  12  and  13  because  of  the  symmetry  of  loads  and 
bent,  the  moments  are  independent  of  the  angle  of  inclination  of  the 
legs.     Equations    163   and    164  m  28  are  modified  t<»  apply 

here  by  the  algebraic  addition  of  moments  due  to  the  two  ooupl< 


M"~\2n+z) 


Mam- 


B~\2nT*)     ' 


. 


- 
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If  H  =  l 

0 

o 


(381) 
(382) 


47.  Two-legged  Trapezoidal  Bent.  Bent  and  Loads  Symmetrical 
about  Vertical  Center  Line.  External  Moments  at  Upper  Corners  of 
Bent— Legs  Fixed  at  the  Bases. — Fig.  52  represents  a  two-legged  trape- 


FlGURE   52 

soidal  bent  having  couples  acting  at  A  and  B.  The  bent  and  the 
couples  are  symmetrical  about  a  vertical  center  line.     The  legs  are 

I  at  C  and  D. 

Since  from  symmetry  of  bent  and  loading,  the  moments  are  inde- 
pendent of  the  angle  of  inclination  of  the  legs,  equations  175  to  179  of 
2     apply  here. 


MAl)=-MBC  = 

Mab=-Mba  = 
Mda=-Mcb= 

-1 


_2M 

n+2 

nM 

n+2 

M 

n+2 


d=-Mbc  =  yM 

<=  -MitA  =  -~-  M 
i  -  -\Jrn  =  ~  .1/ 

u 


(383) 
(384) 
(385) 

(386) 
(387) 
(388) 
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IX.      I!i.«  i  w.i  LAB    Ik  wi 

48.    Rectai  futar  Frame.     Horizontal  I  I    tin    Top.     I 

represents  a  rectangular  frame  having  a  horizontal  force  /'  applied 


i'i«,i : 


the  top.    The  value  of  /»'  for  members  .!/»'  and  DC  is  aero,  and  R 
AD  equals  U  for  BC. 

Applying  equation    A  ,  Table  1,  gives 

rd&DA    2EK   2$D  ■  dA    3/2 

//.U.W(  =-_'/; K    2  3/2         ... 

-U,/(     2M  -J",  •  "         

Mr,         2EK  2eB+6A) 

MBc=2EK   20*  I  "      3/2        

U  2//A    20,  f0B-3/2  

pAfcD    2JM   20,   • 

pMDd        2EE  2fo+6         

Considering  .l/»  and  />'    removed  and  equating  the  sum  of  the 
moments  acting  al  the  tops  and  bottoms  «»i  Ah  and  /»'' 
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Substituting  —  Mab  for  MAd  and  —  MCd  for  MCb  gives 
-MAB+MBc-McD+MDA=-Ph (397) 

Combining  equations  389  to  397  as  indicated  in  Table  11  gives 
equations  397  to  400  of  Table  11. 

Solving  these  equations  simultaneously  and  letting  A    represent 
the  common  denominator  gives 

±  =  22(sp7i+sp+sn+np)+2(sp2+s2p+n2p+p2n+s2+s+n2-\-ri) 
+6(sn2+s2n+p2+p)  and 

Mab  =  ^-(  3s2n+5nps+2s2p+2sp2+e>ns+Qpn+5ps+Sp2  \    (401) 

Mnc=—   A  (  3n2s+5nps+2n2p+2np2+6ns+6ps  +  5pn  +  3p2  J 
(402) 

Men  =  ^  (3n2s+e>nps+5ns+6ps  +  5pn+2n  +  Zp  +  2rA    .    (403) 


Mda-    T 


f  3m2+6nps+5ns+Spn+5ps+2s+%p+2s2  J    (404) 


If  the  frame  is  symmetrical  about  the  vertical  center  line,  that  is, 
ii  .1  /;  and  BC,  Fig.  53,  have  the  same  section,  n  =  s,  and  equations  401 
:"1  take  the  form 

MAH  —  Ulll:=™.*!!+!L (405) 

Mo Jf^--^-^±i (406) 

in  which  0=6n+p-hl. 
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If  the  frame  is  symmetrical  about  the  vertical  center  line  and  if 
the  top  and  the  bottom  of  the  frame  are  alike,  that  is,  if  n  =  s  and  p  =  l, 

Ph 


Mab  —  —3Ibc  — 

McD—  —MoA  = 


4 
Ph 


(407) 
(408) 


49.     Rectangular   Frame.     Any   System   of   Horizontal   Forces   on 
One  Vertical  Side. — Fig.  54  represents  a  rectangular  frame  subjected 


A 

^ / - 

1 i 

L-K 
I 

h     n                                   h     s 

I    K 

l~P 

h 

D 

i 

L                                    A 

B 


Figure  54 

'•in  of  horizontal  forces  on  the  side  AD. 
Let  Mb  represent  the  moment  of  the  external  forces  about  D. 
Applying  the  equations  of  Table  1  gives 

<  M„A  =  2EK(2dIJ+dA-3R)-nCDA (409) 

nMAB=-2EK(26A+dD-ZR)-nCAD       (410) 

-Mab+Mbc-Mcd+Mda=-Md (411) 

other  'quations  which  are  identical  with  equations  391  to  396 

ectian   48   may   be   written.       The    values  of    0  and  R   in  these 

equations  are  identical  with  those  in  equations  389  to  397  of 

and  hence  the  combination  of  equations  to  eliminate  these 

quantil  made  in  the  manner  indicated  in  the  last  column 

of  Tabk  11.     The  equations  thus  obtained  are  given  in  Table  12. 
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Equations   for  tih:   M<>\:  I:      paxgllah   Fkamk   Kkphi  uy 
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No.  of 
Equation 

Left-hand  Member  of  Equation 

B  ight-hand  Memb 

quation 

Mab 

Mi 

M 

Mo  \ 

411 

-1 

1 

-1 

l 

-M 

412 

a 

i 

a  •  3/> 

da) 

413 

—  H 

2.S  +  1 

2*+/> 

—  n 

414 

n+1 

8  +  1 

*+/> 

-r<  '              da) 

Solving  these  equations  simultaneously  gh 

.UH{=_L-|.U    .;   &+6nps+2 

-CAi>n(6»i+2pfi+3^+17        -   +-5*+llp    J 

-<      ■  ■;    hl2pi  •  »••  •  I";-  •  |     I I  U5 

lfBC=  .1-  J -jf x>(3«f^+2f^p+5nps4-2fi|^+efit+5pfi+6fM+< 


—  ( '.,  on  dn»+2pn  +5jm  -n—  7p  -  4«  +  2 
■f-Cj  f3p»-3pH-8      I 


U6 


Mcd=       -  <M  2       8   »«+5pi 


+Ca  h3n+8p-3s-l) 


-Cj>^n(3iw-4p»+2fi-7p-jm+5f+2)         .  U7) 

*fDA-  -j-  4— Jrf  - 

-<  12    hlOp+1 

-<  -17    •  l  '  j  L18 

in  which 

A«22(<pfi+«p+<n+np)H  2 
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If  n  =  s,  equations  -415  to  418  take  the  form 


Mab= — 2T**11 


n+2p    .    3 


Sn-\-p  | 


a 


+}]+^H+j]-M°^n 


(419) 


Mbc 


1    (,.       [n+2p       3]  ,  n    J  p        3 


+c^-±]+mJ^il\ 


(420) 


1    L       [1         31    ,«        [n+2        31      ■,    3n+l| 
(421) 


Afi>A= — jKCadW 


1        3 


.  ■  ^W^-H-*8*-*} 


(422) 


in  which 

a  =  n2+2pn+2n+3p 
/3  =  6n+p+l 

If  n  =  s  and  p  =  1  equations  419  to  422  take  the  form 

«~- -H«-p? + t]«-[4  +  -f]-^l 

(423) 

*—  TM^-ThM-r-THft 

(424) 

(425) 


»— I-^l-T  +  T^t^  +  Tl+^t 

(426) 

v.hirh 

a  =  fn+3)  (n-f-1) 
0«2(3n+l) 
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If  n  =  s  =  p=l,  equations  42:i  to    126  take  the  form 

MAB 


=  --±-hcAD+2CDA-2M^- 


Mbc=— 5-^  -Cda+2MdI     . 


128) 


Mcd=-^ICad+2mA 


Mda  = 


— - ^hcAD-¥SCDA+2MDl 


If  both  vertical  sides  are  loaded  and  if  the  Frame  and  the  lo 

arc  symmetrical   about    a   vertical   center   line 

MAB^MBc^  —  lcMn+ty  +  CDAp]       ! 


.Uc/)  = 


~MDA-~\Cju>+CDA(n+2)\ 


132 


."id.     Rectangular  Frame,    Any  System  cf  Vertical  I 
Top. — Fig.  55  represents  a  rectangular  Frame  subjected  to  any  system 
of  vertical  forces  on  the  top  member  AB, 
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Applying  the  equations  of  Table  1  gives 
Mab=2EK(26a+0b)-Cab       •      •      • 
MliC=-2EK{2dB+dA)-CBA    .      •      • 
-Mab+Mda+MBc-Mcd  =  0        •      • 


(433) 
(434) 
(435) 


Six  other  equations  which  are  identical  with  equations  389,  390, 
and  393  to  396  of  section  48  may  be  written.  Combining  these  nine 
equations  to  eliminate  6  and  R,  as  indicated  in  the  last  column  of 
Table  11,  gives  the  equations  of  Table  13. 

Table  13 

Equations  for  the  Moments  in  the  Rectangular  Frame  Represented 

by  Fig.  55 


Xo.  of 
Equation 

Left-hand  Member  of  Equation 

Right-hand  Member 
of  Equation 

Mab 

Mbc 

Mcd 

Mda 

435 

-1 

1 

-1 

1 

0 

436 

n 

s 

2s+3p 

2n+3p 

0 

437 

—n 

2s  +  l 

2s+p 

—n 

—  Cba 

438 

n  +  1 

8+1 

s+p 

n-\-p 

—  (Cba-\-Cab) 

Solving  these  equations  simultaneously  gives 
-V.U!=  -  -i- JcB^(10ns+s2+12ps-f  6pn+3p2) 

+C^/i(llns+2s2+2s+2n+17ps+5pn+3p2+6p)V 


MBc=-  -£  lcIiA(nns+2n2+2n+2s+l7pn+5ps+3p2+Qp) 

+CAB(10n«+n2+12pw+6ps+3p2)  I (440) 

Mi ,,-  —J  ('liA(lm  —  2n2  —  2n+.s  —  bpn+kps  —  3p) 


w/8n.s-n2+3n-3pn+6^+3p)    l 


•     (441) 


ANALYSIS    OF   STATU  ALLY    [NDETERMINAT1  K)7 


MDA=  -g-lCBAifr  f3*-3ps+6p»+3p) 


+CAB(7n$-2s*-28+n-5ps+4pn-Zp)l     ....   (442 


in  which 


+6(an,+88n+pl  • 

If  the  load  is  symmetrica]  about  the  center  of  ABt  that   is,  if 
Cab  = r  'baj  equations  139  to  1 12  take  the  form 

MAB=--j*-[21n8+Z8t+2      -      29     hllpn+6p+i  (443 

Mm  =-(-y  \  21iw+3n,+2n4 2    h29pn+ll;  1    in 

afcD=^ri5f»-3n,+n+;     -      HQpt] (445 

.U/M=^  I"  ISm-Sf+M+n     s,    .-io/;//  ....   (446 

If  »=«  equations  139  to  142  take  the  form 

»— t-|c-[t+t]+c-['5-t]}  ' 


in  which  a  »fiH-2pn-r-2 
0-6n+p+l 
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If  n  =  $  and  CAb  =  Cba 

2n+3p 


Mab  —  Mbc—  —C 


AB 


a 


(451) 


M (D  —  M da  — Cab  

a 


If  n  =s  and  p=l 


1  j         r_2n+3_ 
-    I         L     « 


-Vnc  = 


__J_I 


.V(D—   ~nT  "N^ 


in  which 


a=(n+l)  (n+3) 
0  =  2(3n+l) 
If  n  =  s,  p  =  l:  and  CAb  =  CBa 


MAB  =  MBc=-C 


AB 


2n+3 


(n+1)  (n+3) 


(452) 


-tH-P^M  « 


1    )  r2n+3         1]  r2n+3        1] 


(455) 


(456) 


(457) 


Mcd=Mda=Cab 


n 


(n+1)  (n+3) 


If  n  =  s  =  p  =  l 

Mab  =  -±[2Cba  +  ZCab] 

'V^=--^Ucisa  +  2CAb] 


(458) 


(459) 


(460) 
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MCD=  -g-    CAB 


MDA=   —   Cba 


m 


If  n  =  s  =  p=\)  and  CAI{  =  ( 

5 

MAl{  =  M,,r= '—  Cab     • 


1 


Men  =  MDA  =     -g- 


163 
164) 


Values  of  Cam  and  Cba  to  be  used  in  equations   139  to   U 
given  in  Table  2. 

51.    Recta ntjuhir  Frame,    External   Moment  at    I  rotr. — 

Fig.  56  represents  a  rectangular  frame  subjected  to  an  externa]  no 
M  at  the  upper  left-hand  corner. 


I    K.I 
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M—Mab-  M  u     0  or 

Mm      M  -  M 
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Likewise 
MBc=-Mba 

McD  =  —  J* CB 

Mda=-Mdc 

nMAB=-2EK(20A+0D-SR)+Mn (465) 

-Mab+Mda+Mbc-Mcd=-M (466) 

Equations  389  and  391  to  396  of  section  48  apply  to  this  case. 
Eliminating  values  of  6  and  R,  as  indicated  in  Table  11,  gives  the  equa- 
tions of  Table  14. 

Table  14 
Equations  for  the  Moments  in  the  Rectangular  Frame  Represented 

by  Fig.  56 


No.  of 

Left-hand  Member  of  Equal 

ion 

Right-hand  Member 

Equation 

Mab 

Mbc 

MCD 

MDA 

of  Equation 

466 

-1 

1 

-1 

1 

-M 

4G7 

n 

s 

2s+3p 

2n+3p 

+Mn 

46S 

—  n 

2s  +  l 

2s  4-p 

—n 

—Mn 

469 

n+1 

8+1 

s+V 

n+p 

+Mn 

Solving  these  equations  simultaneously  gives 

Mab=-  -£hlns+2s2+2s+2n+l7ps+5pn+6p+3p2  l+M(470) 

M*<  =-^y  +  W™+12pn+e>ps+3p2l (471) 

M<,>  =  +  —  -j  3p-n2-3pn+8ns+6ps+3n  I      ....    (472) 

"1//M  =  ~~  ~A   ]  -7ns+2s2+5ps-4pn+2s+3p-nl       .      .    (473) 


U^+Bh 


^^Uns+2s,i+2s+2n+17ps+5pn+6p+3p2{   .    (474) 
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in  which 

A=22(piw+«J         fnp)+2(«j^+«Ip+ii,p+r  w+^+a+nH-*) 
+6(«n,+«1»+p*+p) 

If  n=«,  (•(illation-   170  to   171  take  the  form 
u  u    (  ,  ,    *(n+2  1    I 

.U  t^+2/»      Gn+pj 
J//,(-    2  1        a  jTf         •'      • 

w  .V    {    /?  1    j 

"--T-pr+Tr    ,l7: 

w         M  1  / 

^"TITT-Tf ,,78) 

it      »J,.^M+»l ,,, 

2     I  a 

in  which 

=n*+2pn+2fl  :-:;y, 

p=en+p+i 

li  iml  p     l.  equations  175  to  179  take  the  form 

w,_+  2  V+  (n+1)  (n+3)       ft»+2r     ' 

l/i           n(n+2)               1     1 
-l"-  +  T  >        (n+l)(n+3)  +  8fi+2f 

if  j      n(n+2)  6n+l)  Js) 


.1/ 


cl)~+  2  1  (n+l)(n+3)  +  6n+2f 
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y      _  .  M.  • 2 l—X (484) 

-"<••>-+  2  ■)(n+l)(n+3)        6n+2  |  KWt) 

If  „  =  1s  =  p  =  l,  equations  480  to  484  take  the  form 

M^  +  j-M (485) 

11*,-  + -jM (486) 

U«.=  -¥- (487) 

4 

Mcd=+^ (488) 

MDA  =  0 (489) 

If  there  is  a  couple  at  B  as  well  as  at  A  and  if  the  frame  and  loading 
are  symmetrical  about  a  vertical  center  line,  that  is,  if  the  couples  are 
equal  in  magnitude  and  opposite  in  sense,  and  if  n  =  s 

Mr) 

MAB=-MBA=  —  (n+2p) (490) 

a 

MAD=-MBC=—(2n+Sp) (491) 

a 

M<h  =  MDA=— (492) 

a 
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X.    Moments  i\   Frames  Composed  oi    i   Large  Numbi 
Rectangles  am  a  Skeleton-Constbi  i  pioh  Building  Fbam 

52.    Effed  of  /.'■  I  <u  Om  End  of  a  Member  upon  Moment  at 

Other  End. — Pig.  57  rep         te  any  member  in  flexure.    The  end  A  ia 


57 

acted  upon  by  a  couple  Mab  such  thai  the  tangent  to  the  elastic  curve 
;it  A  makefl  an  angle  9a  with  .l/>.    The  magnitude  of  the  moment  M 
depends  not  only  upon  the  magnitude  of  0*,  the  moment  of  inertia 
the  section  and  the  length  of  .W>\  but  also  upon  the  (ft  .  tint 

at  /*     Thia  is  illustrated  by  the  followii  rial  problei 

Consider  that  AB  is  hinged  at  /;.    Applying  equation  (C)  of  Table 
1  with  /.'  and  Hab  equal  fa 

Mab=3EK$a 

Consider  that  .W>'  ia  fixed  at  B.    Applying  equation  iA)  of  TaMe 
l  with  $Bt  Bj  and  Cab  equal  I 

a7.,/(     i/.'A  0* (494 

Consider  that  v.\=  —  9,...    Applying  equation  (A)  of  Table  I  with 

//  and  (       equal  to  aero  and  with  9A  ■  —  0/( 

.V.Ui    -J//A'  ^ 

r  *. 


1  e.i  he  58 
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Fig.  58  represents  a  member  AB  having  any  degree  of  restraint 
at  B  and  restrained  at  A  by  the  members  AC,  AD,  and  AE.  P  repre- 
sents any  system  of  loads.  AC  is  hinged  at  C,  AD  is  fixed  at  D,  and 
the  restraint  at  E  is  such  that  6e=  —  Qa.  The  moment  at  A  in  the 
member  AB  is  taken  as  a  measure  of  the  restraint  at  A.  Since  A  is 
in  equilibrium,  MAb+Mac+Mad-\-Mae  =  0.  That  is,  the  moment 
Mab  balances  the  three  moments  MAC,  MAD,  and  MAE.  The  moments 
MAC.  Mad}  and  3/ae  are  therefore  measures  of  the  restraints  which 
the  members  AC,  AD,  and  AE  exert  on  the  member  AB  at  A.  From 
equations  493,  494,  and  495 

Mac  =  3EKAc  0a 
Mad  =  ^EKad  6a 
Mae  =  2EKAe  Oa 


These  equations  have  the  general  form 
M  =  EK6N 


(496, 


in  which  N  depends  upon  the  restraints  at  C,  D,  and  E,  and  might  be 
termed  a  "restraint  factor;"  that  is,  the  restraint  which  a  member  can 
exert  upon  a  joint  at  one  end  equals  EK  d  times  a  factor  N  whose  value 
depends  upon  the  degree  of  restraint  at  the  other  end  of  the  member. 
As  derived,  if  the  far  end  is  hinged,  N  =  S;  if  the  far  end  is  fixed,  iV  =  4; 
and  if  the  angular  rotation  at  the  two  ends  is  equal  in  magnitude  but 
opposite  in  sense  N  =  2.  In  general,  N  depends  upon  the  restraints 
at  C,  D,  and  E. 


O 


r=KA 


HC 


O 


Mm 


J=K. 


£6 

Figure  59 


111   I  B  is  restrained  by  the  couple  MAB  and  C,  D,  and  E 

arc  hinged. 
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For  equilibrium 

MA  B  +  MA  c  +  M A  D  +  M A  E  =0 

From  equation  (A),  Table  1 

Mab=2EKAb  2Sa+$b)  •     • 
Mba^ZEKabQBb+Oa)  ■     ■ 


197 

m 


Substituting  the  values  of  MA*  ■  Madx  and  U  u  from  equation  193 

and  the  value  of  Mab  from  equation  198  in  equation  197  - 


Qa  =  —  On 


2  K  i  j 


l/\.i/.  \-3Ka(  -  3/5  i . ■-  •  ■'»/. 


Substituting  the  value  of  0.i  from  equation  500  in  equation   199 


gives 


M    |      EKab  Oh 


I  :;/\/t„-f:{A"„ -\-:iKAlt -   :A 


501) 


If  (  .  D,  and  A  I  are  fixed,  the  values  of  Ma(  ■  Mad,  and 

Mab  of  equation  197  ven  by  equation   194.     Pro 

giv( 

1  ZKab  -  \KAi   I  \Kad  r-4/CAj 


Mba  = 


EE 


D 

O- 


•  IA\„  |  »/\  , 
HO 


f-] 


QC 

ll 


7    *.c 


o 


• 
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The  frame  represented  by  Fig.  60  is  symmetrical  about  its  vertical 
center  line  and  is  symmetrically  loaded.     dA  therefore   equals   —  0B. 

For  the  extremities  of  the  members  C,  D,  G,  and  H  hinged,  MAC 
and  Mad  are  given  by  equation  493.  MAB  is  given  by  equation  495. 
From  equation  (A),  Table  1 

MAK  =  2EKAE(20A+dE) .    (503) 

Mza=2EKab(26e+6a) (504) 

Substituting  the  values  of  MAB,  MAC,  MAD,  and  MAE  in  equation 
I   7  solving  for  6A,  and  substituting  the  value  of  6A  in  equation  504  gives 


Msa-EKae  Oe 


±(2KAB+3KAC+3KAD+SKAE) 


2KAB+3KAC+3KAD+4:KAE 
If  C  and  D  arc  fixed 

Mba=EKaeBe 


(505) 


r  ±{2Kar+*Kac+±Kad+zKae) 

2Kab+4Kac+4KAd+4Kab 


(506) 


Equations  501,  502,  505,  and  506  have:  the  form  M  =  EK  d  N  in 
which  N  corresponds  to  the  quantity  in  the  brackets. 

It  is  to  be  noted  that  for  the  values  of  N  in  equations  501,  502, 
5,  and  506  the  coefficient  of  K  for  the  member  in  which  the  stress  is 
to  be  determined  is  always  3  in  the  numerator  and  4  in  the  denominator. 
For  the  members,  furthermore,  which  restrain  the  member  in  which 
the  moment  is  to  be  determined:  if  hinged  at  the  far  end  the  coefficient 
of  A'  is  3;  if  fixed  at  the  far  end  the  coefficient  of  K  is  4;  and  if  the 
rotations  of  the  two  ends  are  equal  in  magnitude  but  opposite  in  sense 
the  coefficient  of  the  K  is  2.  These  coefficients  correspond  to  the 
fnciente  of  EK  BA  in  the  expressions  for  the  moments  MAC,  MAD, 
and  Mae  of  Fig.  57. 

Moment  in  a  Frame  Composed  of  a  Number  of  Rectangles 
Dm  "  Vertical  Loads. — Fig.  61  represents  a  portion  of  a  frame  com- 
pos <1  of  u  large  number  of  rectangles.  The  portion  considered  is  taken 
from  the  center  of  a  frame  symmetrical  about  a  vertical  line.  The 
member  AB  carries  any  system  of  vertical  loads  symmetrical  about 
ntcr  line  of  AB.  Under  these  conditions  there  is  no  horizontal 
deflection  of  the  frame. 
1  or  equilibrium  at  A, 

M      YMad+Mai+Mah^ (507) 
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Mad  =  EKad  $a  A  ad 

J7.l;     A  A      "    A  i/  • 
-'Aw/  —  A  A  »//  0j  A  »// 


(510 


Substituting  the  values  of  M  \  ,.  M  w.  and  M  wr  from  equations  5 
<1  .")ii»  in  equation  507  gii 


.^.u^-AiI/vulV,,  W\'w.\ w  VKa      \  w/1 


.-.11 


Since  the  frame  \s  bj  mmetrical  about  ■  vertical  center  I 
From  equation  fable  l 


Mam     -// 


Etiminating  9a  from  equation*  511  and  512  . 

, .  h_  |"  A,t/,  A  m>-\-K  M  A  ,« /  -f-  A,  i  >j "1 

/    !  /\  i     A  ,     •  A  h        \     i  |  -'A  ,/iJ 
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The  stress  in  the  frame  apparently  depends  upon  the  values  of  the 
N'a  in  equation  513;  that  is,  the  stress  depends  upon  the  degrees  of 
restraint  oi  the  extremities  of  the  members,  0,  N,  L,  K,  J,  etc. 

Although  the  degrees  of  restraint  at  these  extremities  are  not  known, 
it  is  known  that  the  degree  of  restraint  at  each  extremity  is  greater 
than  if  the  extremity  is  hinged  and  less  than  if  the  extremity  is  fixed. 
If  then  the  stresses  are  determined  with  the  extremities  hinged  and 
again  with  the  extremities  fixed,  although  the  true  stresses  will  not  be 
determined,  they  will  be  fixed  between  two  limits. 

54.  Extremities  of  Members  Hinged. — If  the  members  are  hinged 
at  Ot  -V.  L,  K,  and  J: 

From  equation  505,  section  52, 

l(2KDc+3KDj+3KDK+3KAr>)  (t>u) 

Nad~   2Kdc+SKDj+3Kdk+4Kad  V      ; 

v      _  4 (2 Khg H~ 3Khn + 3iv// o + SKa  n )  (51  ^ 

Nah~  2Khg+3Khn+SKho+4Kah  - K    'J 


From  equation  501,  section  52, 

4(3KAI+3KIK+SKIL+3KIN) 
1KAI+2KIK+SKIL+'3KIN 


-H6AAi-r*AIK-rdJ\iL-\-diYiN)  rc,1Ps 

A.w=-T77 T7TF 7TT7? T7717 (51°) 


The  restraint  factor,  N,  in  each  of  these  equations  has  a  value 
ween  3  and  4. 

Substituting  the  values  of  the  N's  from  equations  514,  515,  and 
516  in  equation  513  gives  the  value  of  MAB. 

The  expression  for  MAn  in  equation  513  is  made  up  of  three  quan- 
tities, the  three  moments  resisted  by  AD,  AI,  and  AH.  These  moments 
are  as  follows: 

ir  _^_  f" KadiSI  ad "I  (^\7) 

I    IKadNad+KaiNai+KahNah  +  2Kab\      '''■">'> 

\T        -J_\ KAINAI 1  /k18n 

/    IKa„Xai>+Ka,Nai+KahNah+2Kab]      '      '      '    W     J 
w       .=  _— T KahNah "1  (^~[Q) 

i  [kadnad+kainai+kahnaji+2Kab  J      :    '  K    J 

the  N's  are  given  in  equations  514,  515,  and  516. 
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Prom  the  condition-  for  equilibrium  at  D and  from  the  relation 
ween  MDA  and  MAd  it  can  be  proved  th 


M 


MAD 


DA 


3KDK  ■  -/. 


also 


and 


Ma* 


<  -f-3.fi  i,j  -\- 
3Kim  -  :i/v 


'2h,tr  1 

2KDC+3KAD\ 


3KlK+SKIN+ZKiL  t-:;/v'.uJ 


ffA~     2    |aKHN+3/i:iro+2/CIIo+3Jri|l, J 


(521 


Mdj  de  up  of  the  thi  \f  ,;.    I '       and   211 

These  nion  Mows: 


Mm 


MAD 


2  |_: 


;A'  H  ■  :;A 


3A'/t|f "1 

■ 


.1/ 


.V,„ 


•2      [:;/.  ,+2KDi    ■  3A 


A/n 


2     |j 


2A/if 1 

2  / . 


In  a  simi  r  Af/j  divided  inl 

and  M lt.\  can  be  divided  into  V,,-. .  \lu,,.  and  Wj 

5.    E, 

0,  N,  /..  A.  and  ./: 


I  tion  •")'  N 


'    "'        2A    ,       U  i/\ 
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From  equation  502,  section  52, 

A  AI+&IK  +  A/r,+ Kin 

Substituting  the  values  of  the  N's  in  equation  513  gives  the  value 

oi  M 

Equations  517,  518,  and  519  are  applicable.  By  substituting  the 
values  of  the  N%  given  in  equations  526,  527,  and  528,  MAD,  MAI, 
and  Mar  can  be  determined. 

Proceeding  as  in  the  case  where  the  extremities  of  the  members 
are  hinged  it  can  be  proved  that 


MDA  = 


MIA  = 


Ma  d 


M 


AI 


•  ±KnK+±KDJ+2KDC 

_  4Kdk+±KDj+2Kdc+ZKad 

■4KIK+±KIN+4;KIL 
4KIK+4KIN+4JCIL+SK 


(529) 


-1 (530) 

Al] 


,  T  M  A  II  T  4  A";  /  N  -f  ■  4  KH  o  +  2  KH  G 

JhlA  —  ~ 


1 


4KHN+<UCHo+2K,ta+3KA„ 


(531) 


Mda  is  made  up  of  three  parts,  one  part  corresponding  to  each  of 
the  moments  MDK,  MDj,  and  MDC.  These  latter  moments  are  propor- 
tional respectively  to  the- parts  of  the  numerator  of  equation  529: 
IKdk,  4Kdj,  and  2KDC.  Similarly,  MIK,  MIL,  and  MIN  can  be  deter- 
mined from  MIA;  and  MHN,  MHO,  and  MHG  can  be  determined  from 
MHa. 

To  determine  the  effect  of  the  degree  of  restraint  of  the  extremities 
0,  .V,  L,  K,  and  J  upon  the  moments  in  the  frame,  and  also  to  deter- 
mine the  effect  of  the  magnitude  of  the  K's  upon  the  moments  in  the 
frame,  moments  have  been  determined  for  frames  having  fixed  and 
hinged  extremities,  for  frames  having  all  K's  equal,  and  for  frames 
for  which  the  K's  of  the  columns  equal  ten  times  the  K's  for  the  girders- 
The  value-  of  the  M's  are  given  in  Table  15. 

From  Table  15,  it  is  apparent  that  only  members  directly  connected 
to  the  member  carrying  the  load  are  subjected  to  moments  sufficiently 
large  to  be  considered  in  the  design  of  the  structure.  Furthermore, 
the  momenta  in  the  members  adjacent  to  the  member  carrying  the 
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load  are  practically  independent  of  the  degree  of  restraint  at  the  extrem- 
ities 0,  #,  L,  X,  J,  etc.     Therefore,  the  moments  in  the  frame  51, 
due  to  the  load  on  AH.  are  given  with  sufficient  accui          ■:■  purposes 
of  design  by  equations  513, 517, 518,  519,  520  521,  and 
the  assumption  that  the  extremil            A'.  L.  K.  ./.  etc.,  are  hiwg 
The  equations   based  upon  tl           imption  that  tb 
fixed  give  almost  exactly  the  Bame  results  and  could  i 


Tabu  l.", 


Moments  i\   Frame  Repri 


M"in.  :                               :  in  term-  of  — 

Extremities 

Hinged  a4  I 

.   L,   A.  : 

'   \ 

,  /-.  / 

Moment 

K  'a  of  ( lolumna 

All  K't  Equal 

Equal  lo  Timet 
K  'a  of  < lird 

All  K ' 

Mam 

-.845 

-.972 

-.8 

-  y 

Mad 

+  .2-1 

+  .  1 

+  .282 

+  .  1 

Mm, 

+  .281 

+  .  1 

+  .282 

+  1 

Mai 

+  .2 

+  .048 

+  .'J 

+  1 

Mda 

+  .102 

+  .125 

+  .108 

+  .140 

Mba 

+  .102 

+  .125 

+  .108 

+  .140 

Mia 

+  .108 

+  .1 

+  .111 

M  l>K 

-  .0 

-.(HI 

-  1 

-  012 

Mdj 

-.1 

-.m: 

-.0 

-.1 2: 

M 

-  1 

-.0 

-.1 

_  0 

Man 

-   1 

-.011 

-  1 

-  1 

Mao 

-.1 

-   017 

-  I 

-.122 

M BO 

-.1 

_   0 

-  022 

_  0 

MlK 

-  0 

-.011 

-   I 

-  (ill 

Mia 

-.1 

-.011 

-   1 

-.011 

-  0 

-.001 

-.0 

D   triLutn  urn   M 

/.'<  da 
load  on  AB  produces  s  moment  .UK/.  having  tin*  -aim- 
That  lxiiiLr  the  case,  a  load  on  (IF  pnxluos  a  moment  M  (  1  of  tin*  ami 
1  as  the  V 4    produced  by  tin-  l<»a<l  on  AB\  thei  ;  B  and  1 

are  loaded  simultaneously  the  moment  0  AB  i 

either  AB  or  OF  is  loaded  alone.     Reasoning  in  ■  similar  mann< 
members  can  be  selected  which,  if  loaded,  produce  1  moment    it    1  in 
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the  member  AB  having  the  same  sign  as  the  moment  at  the  same 
point  due  to  a  load  on  AB.  If  all  these  members  are  loaded  simulta- 
neously, the  moment  at  A  in  the  member  AB  is  a  maximum. 


■" 

!lllll!lllll!!illl!!!!ll!ll 
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llllllllllllllllllllll! 
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llllllllllllllllllllll 
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Wx 

Wu 

D 

W» 
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Wu 
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lllllllllllllllllllllll 

llllllllllllllllllllllll 

llllllllllllllllllllllll] 

llllllllllllllllllllll 
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lllllllllllllllllllll 
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Figure  G2 


Fig.  62  represents  a  frame  made  up  of  similar  rectangles.  All 
girders  are  equally  loaded.  The  moments  MAb  and  MAd,  due  to  these 
loads,  as  determined  by  the  equations  of  section  53  are  given  in  Table  16. 
For  the  frame  of  Table  16  the  K's  of  all  members  are  equal.  The 
momenta  in  similar  frames  for  which  the  K's  of  all  columns  are  equal 
and  the  K's  of  all  girders  are  equal,  but  for  which  the  K's  of  the  columns 
do  not  equal  t  he  K  \s  of  the  girders,  have  been  determined.  The  relation 
between  the  maximum  moments  which  it  is  possible  to  obtain  in  the 
girders,  and  the  ratio  of  the  K's  of  the  columns  to  the  K's  of  the  girders, 
ie  presented  graphically  in  Fig.  63.  Similar  data  for  the  moment  in 
the  columns  are  given  in  Fig.  64. 

1  presents  the  loading  which  produces  a  maximum  moment 

.1  in  the  girder.     Fig.  66  represents  the  loading  which  produces  a 
maximum  moment  at  A  in  the  column. 
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Figure  65 

It  is  to  be  noted  that  for  the  frames  of  sections  52,  53,  and  56  the 
horizontal  deflection  of  one  story  of  the  frame  relative  to  the  other 
Btories  docs  not  enter.  If  either  the  frame  or  the  load  is  unsymmetrical 
there  us  a  slight  horizontal  deflection.  For  the  usual  proportions  of 
frames  of  engineering  structures,  the  effect  of  this  horizontal  deflection 
lightly  to  reduce  the  moments. 


57.     Eccentric  Load  at  Top  of  Exterior  Column  of  a  Frame.     Con- 

oj  Cinders  to  Columns  Hinged.— Fig.  67  represents  a  frame  with 

ntric  loads  at  the  tops  of  the  exterior  columns.     The  frame  and  the 

loading  are  symmetrical  about  the  vertical  center  line  of  the  frame. 

[Tie  connections  of  the  girders  to  the  columns  are  frictionless  hinges 

The  columns  are  continuous. 

moment  in  the  column  depends  upon  the  restraint  at  1.     The 

_n  r  of  n  straint  at  1  Is  known  to  be  between  the  restraint  of  a  column 

hinged  at  1  and  8  column  fixed  at  1.     If,  therefore,  the  moment  is  deter- 
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Table  16 

Moments  in  Frame  Represented  by  Fig.  62 

A~'s  of  All  Members  Equal 


Moment 

M 

AB 

Mad 

Produced 
by 

Hinged 

Fixed 

Hinged 

Fixed 

Jl'2 

0 

+  .019 

lt'3 

+  .035 

+  .038 

+  .035 

+  .038 

ini 

0 

+  .022 

W12 

+  .038 

+  .043 

-.102 

-.108 

iri3 

-.283 

-.285 

-  .  281 

-.282 

wu 

+  .038 

+  .043 

+  .038 

+  .043 

W2\ 

0 

-.022 

W22 

-.026 

-.022 

+  .102 

+  .108 

Tl'23 

-.845 

-.849 

+  .281 

+  .282 

JJ'24 

-.026 

-.022 

-.038 

-.043 

lt'32 

0 

-.022 

0 

-.019 

H'33 

+  .106 

+  .114 

-.035 

-.038 

TJ'34 

0 

-.022 

U'43 

0 

-.019 

Total 

-.963 

-1.003 

0 

0 

Maximum 

-1.180 

-1.241 

+  .456 

+  .512 

W*t  l  in  table  produce  only  very  small  moments. 

mined  for  a  column  hinged  at  1  and  for  a  column  fixed  at  1  the  true 
moment  will  be  located  hot  ween  two  limits. 

ler  the  column  to  be  hinged  at  1 

=0 (532) 

M        ,/A'A (533) 
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From  equation  501,  section 

*»-*>*  ) W> 

M  |-  -Mn=-4EK "('j^    t|*    ,     _'/.7v    203+00    .      • 
.V     =  '2A7\".   204  -  : 


Prom  equations  53 1  and  5! 

K    •  3J 

K       U 


m      \ek  e/NiK    • 


1^1'' 

Prom  equatio  1  and 

„  fi       A  7\    •   l/\ 

0*"mr\,K-yy.iK, 

Eliminal  ing        Vom  i  quationc 

AfM     -GEE  J/' mii) 

Substituting  the  valu<  from  equation  539 

u         P<  .V...A'-, 

Mn--Mu 

equate 

M       2EKt(26t+6         

Mi      2  .     . 
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Eliminating  63  gives 

\tu-Mn = GEK*  0a (545) 

From  equations  533,  545,  and-542,  and  since  M2i=  —  M23 

.1/H=-        ^        J/,4        (546) 

2(AiH-  /l2) 

1:.  therefore,  the  column  is  hinged  at  1 

Mi3  =  Pe (538) 


Pc 


X-K, 


N2K2+3K; 


Xi 


If  the  column  is  fixed  at  1,  letting  Ar'2  represent  4 


(541) 


y"-¥'-2ft  +  g/M         (54G) 


4i\1+4X2 
Mu=Pe .    (547) 

""—""-s-.wz&m     (548) 

9K 

*-— *—■ aOTT*- (549) 

From  a  comparison  of  equations  538,  541,  and  546  with  547,  548, 

and  549  it  is  apparent  that  the  restraint  at  1  does  not  materially  affect 

t  2  and  3.     For  purposes  of  design  the  moments  as  given 

rther  equations  538,  541,  and  546  or  by  equations  547,  548,  and 

-factory.     Moreover  the  average  of  the  moments  obtained 

by  538,  541,  and  546,  and  547,  548,  and  549  approximate  very  closely 

the  true-  moments. 

are  all  equal,  a  condition  often  approximated  in  practice: 
column  hinged  at  1 

M*=Pe (550) 
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Af14=  -  If „=-4-P«=0. 266  P« (551 

la 

M.n=-M,,=  -^  ]><={). iu.:  l>, f- 

1.) 

For  column  fixed  at  1 

Mu=*Pe : 

Mu=-Mn=—Pc=0.2l6QP< 554 

Mn=-Mu=  2J  P(   -0.077 /'r cr 

It  i<  to  be  noted  thai  the  frame  considered  is  symmetrical  about 
vertical  center  line  and  is  Bymmetrically  loaded.  It"  there  Lb  a  load  on 
the  right-hand  column  only,  the  momenta  in  that  column  will  be 
slightly  smaller  than  the  moments  given  by  the  equation,  and  the 
other  columns  will  be  subjected  to  a  small  moment.  The  error  in  the 
moment  in  the  leaded  column  and  the  neglected  moment  in  the  other 
columns  increase  as  the  ratio  of  the  stiffness  of  the  loaded  column  to 
the  combined  stiffness  of  the  other  columns  increase.  Although  they 
have  not  been  able  to  establish  thk  men!  mathematically,  H 

the   opinion    of   the    writer-    that    if    the   equations    of   tfa 
applied  to  a   frame  that    is  either  uib\  mrnetrieal  or    un-vmmetricallv 
loaded,  the  error  due  to  the  horizontal  deflection  of  the  fran.  gtigible 

for  purposes  of  design. 

58.     Eca  '  '  ■  -   Load  '//  Top  of  Exterior  Column  of  <i  I 

>h  n  to  t  'ohm  ru  Rigid. — 1  nunc  with 

entric  load-  at  the  top-  of  the  exterior  columns.      The  frame  and  the 

loading  are  symmetrical  about  the  vertical  center  hue  of  the  : 

The  connect  ion-  of  the  girders  to  the  column-  are  rigid. 

An  exact  determination  of  the  moment-  in  the  frame  l-  practically 
impossible.     From  previous  -imilar  work,  however,  it  i-  known  that 
the  moments  produced  by  P  «»n  the  right-band  side  of  the  frame,  only 
the  moment-  at  .1 .  /;.  (  .  and  /•'  are  large  •  Enough  to  be  considered  in  the 
desigD  of  the  frame.     Furthermore,  from  previous  uork  it  i-  kno 
that  the  moments  at  .1    />'  (  .  and  F  arc  practically  independ  the 

i  restraint  at  ./.  A    ( , .  //.  and  />. 
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Figure  68 


It  is  therefore  considered  that  the  girders  are  hinged  at  J,  K,  G, 
ami  //.  and  that  the  columns  are  hinged  at  H  and  D.  Applying  the 
same  general  method  that  was  used  in  section  57,  it  can  be  proved  that 


MAB=4EK1e, 


in  which 


=  AEK,BAU 


ZKs+NtKz+SKj 
3^9+^7^7+3X4 


:) 


(556) 
(557) 


.V-  =  4 


A'7  =  4 


( 


3A'3+3A'6+3Jr2 


■i 


3X3+3X6+4K2 
3X8+3X10+3X7 


3^8+3X10+4^7 

For  A  to  be  in  equilibrium 
MAM+MAf-Pe^O   .     . 


(558) 


From  equations  556,  557,  and  558  letting 

/3X,  +  A^2+3X1\   ,  ^K9+N7K7+SKA\     . 


ivcs 
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u»-  \!^+\tKt 

w  /'•  A    A  . 

J/-"-°   .V,A-,  +  .V<A-< 

Also 

,r          N .\h  {      3A'5-fA   A         \  , 

■,/"'=^-(:iA-s+A-^+3A-J 

Jf-"~ — (w^NA+m) 

,  f  M.\n   f  A    K  \ 

V8c„___^_____j 

*»-¥(*S50   

"f--i^L(l3feE) 


M, 


2     '  A    -A   i-A'2 

AlBC   /  A 


•-nPCrafoi;) 


Mia  = 


.1/,,  /      3A      N  K 


',,,./        3A,  +  .V;A,         x  - 

2  A  :<A,  +  .V;AH  :(A ,) 

If  the  -y  -  of  the  girden  U  <'<ju:il  and  are  repn  by 

A.  if  the  ~|-'a  "," ,'"'  ''"',lm,l<  arr  :i"  equal  and  are  rep 

and  if  the  Vn  are  all  equal,    \       V      \      I  (    '         |      ind  equ 

1  reduce  to  the  form 
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MAB=Pe 


3»+3+Ar\ 
Zn+±+NJ 

(  3^+4+tfJ  +n\7n+N)  J 


(570) 


Af^  =  P6 


/3,+3+iV\  /6n+^\ 


(571) 


Mab  (    2n+N    \ 


(572) 


Mbg--      2    \Sn+2>+N  J 


(573) 


=  - 


Mab 


BC~~"       2      V3n+3+iV 


AT 


(574) 


Mcb= 


fn+l\ 

n+2J 


(575) 


M<„  =  - 


n 


Mnc 
2  Kn+2 


.   .  (576) 


M(l>=- 


Mbc  (      1 


2  V  n+2 


(577) 


M^= 


^    /3n+iV\ 
2      Vtin+iVy 


(578) 


Mra  = 


Map   (     N 


2      VOn+iV 


(579) 


3f«  =  - 


.W,,.  /     3« 


/_3n     \ 


2     VGn  +  N 


(580) 
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If  all  the  K  'a  are  equal 

MAB=.5O0P( 

MAF=.500P( 

Mba=.  172  Pi 

J//;G=-.07s  p, 


AfBc=~. 094  P< 
AfCB=-.031  P< 
Mch=.016  P< 
.!/<■/,=  .016  P< 

ar,*= .  L72  Pi 

Afro  =-004  P< 
jfFJ=  -.078  P< 


L33 

581 

584 

:,ss 
501 


£ 


<■ 

1 

s 

-    - 

A  . 

-•        *■ 

V 

A.  . 

K 

R 

w 

> 

( 


si.   7«l 

rUric  Load  at  Middle  Floor  Level  I 

/■'id /in.        <  '  It  I 

a  frame  with  .(•(•nitric  loadu  at  iIm-  middle  floor  level  of  t! 
column  .     The    fran*     and    the    loading    :ir.-    symi 
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vortical  center  line  of  the  frame.     The  connections  of  the  girders  to  the 
columns  are  hinged. 

The  moments  are  practically  independent  of  the  degree  of  restraint 
at  1  and  7.     The  column  is  therefore  assumed  to  be  hinged  at  1  and  7. 

(592) 


-M^-Mib+Pe  =  0 


Mrs=Pc 


K< 


NtKt+SK* 
Ar2X2+4K3 


,3(«±^Ux/"5W 


N2K2+4K3 


Nb+4,KtJJ 


Mr=Pe-M 


43 


M2A=  -MZ2  = 


Mbi=-Mb,= 


M,, 
2 

M 


[* 


NoK, 


45 


2X2+3X3 

NbK, 
NhKb+ZKA 


In  these  equations 
3K6+ZK 


Kx 


+K2) 


2{Kb+K6) 


A',  =  4 


V  3^6  +  4^5  J 


3X6+4X5 
When  all  X's  are  equal 

M  ,,  =  Mib  =  ^-  Pe  =  0.5000Pe 


flfM-lfM- — Pe=0.1333Pe 
15 


.     (593) 


(594) 
(595) 

(596) 

(597) 

(598) 


(599) 
(600) 
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1 


-  M  r  =  JL.p«=0  I 


;60J 


If  the  ends  of  the  column  arc  fixed  at  1  and  7.  with  all  K 


=  —!'>  =0.6000  Pi 


M  ,  = — I'      ii   1346P< 


52 


7   Pi     ii  0385 P( 


604 


If  there  i>  a  numl  er  of  loads,  the  moment  due  to  all  the  lo 
the  sum  of  the-  moments  du< 

With  a  load  at  each  floor,  if  all  A  equal  and  all  vain.-  of  i'< 

qual,  M=  —  Pi  ■ 

The  moment  diagram  for  the  right-hand  ior  column  ia  re] 

ted  by  ".    The  loading  which  produces  a  maximum  sti 

the  column  just  below  l  is  represented  by  Pig.  71.     If  all  K't  ual 


lo- 


40- 


JO 


.  - 


J 


71 
ami  all  values  of  /'    are  equal  the  maximum  moment  in  a  column  thai 

,     II  I    1  •  ''•  Fi 

can  be  ln-uiluci  ■!  I  tunc  lo:  -    +  -r=-    -t-  -rrrr  m    — — 

2  15 


136 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


It  is  to  be  noted  that  the  frame  considered  is  symmetrical  about  a 
vertical  center  line  and  is  symmetrically  loaded.  If  there  is  a  load  on 
the  rightr-hand  column  only,  the  moments  in  that  column  will  be  slightly 
-mailer  than  the  moments  given  by  the  equation,  and  the  other  columns 
will  be  subjected  to  a  small  moment.  The  error  in  the  moment  in  the 
loaded  column  and  the  neglected  moment  in  the  other  columns  increase 
the  ratio  of  the  stiffness  of  the  loaded  column  to  the  combined 
stii  I  the  other  columns  increases. 

A-  in  section  57,  the  error  in  the  equations  of  this  section  due  to 
the  horizontal  deflection  of  a  frame  under  any  vertical  loading  is  un- 
doubtedly negligible  for  purposes  of  design. 

CO.     Eccentric  Load  at  Middle  Floor  Level  of  Exterior  Column  of  a 
Connections  of  Girders  to  Columns  Rigid. — Fig.  72  represents 


P—  e- 


- 

< 

13 

Q    /6 
18 

M 
12 
L 

" 

R    20 

P    15 
17          tl 

1     9 

F      4 
7 

A 
1 

i 

K     10 

a     5 
8 

B 
2 

W      6 

C 

3 
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Figure  72 


a  frame  with  eccentric  loads  at  the  middle  floor  level  of  the  exterior 
columns.     The   frame   and   the   loading   are   symmetrical   about   the 
rtical    center  line  of  the  frame.     The  connections  of  the  girders  to 
olumna  are  rigid. 

m  previous  similar  work  it  is  known  that  of  the  moments  pro- 
duced by  P  on  the  right-hand  side;  of  the  frame,  only  the  moments  at 
//;    '     I-    feT,  and  F  are  large  enough  to  be  considered  in  the  design 
of  the  frame      From  previous  work  it  is  known,  furthermore,  that  the 
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moments  at  these  points  an-  practically  independent  off  the  deg 
restraint  at  h.  II,  a.  A.  ./.  A'.  /'.  (j.  and  A.     It  will  • 
Bidered  that  the  girders  an.  hinged  at  //.  <;.  A.  ./.  R,  r,  and  (J.  and  thai 
th<-  columns  arc  hinged  at  h.  II.  <j.  and  .V. 

Applying  the  general  method  used  in  section  58,  it  can  be  proved 

,1    i   i  ♦♦•       v      i  r  ZK*+N*Kt+3Ki  l 

v  _  ,  /^A',  +  A'7A';-r-.V17A',;  +  :-{A'M 
I  :;A,-KY7A7  +  A'17A17+4A 

,    v        .  1    ■>A'1,-,  +  A'1,A'1,-r-^A„  \ 


an< 


u         PeNjK) 

•U-W|-     A.A^A'.A.+A-nAn         ' 

u                         /'-  A'  A'.  ,„,*,.» 

-V"  "     .V,A-l  +  A-4A-4  +  .V11A-„         

u ;v.v„A",i 

U"-     .Y.A-.+.WA-.  +  .Yn/C,,         

1/        -      l'"-    /  ^A"u+.Vi;A'i;  \ 

»----]'rUJ±+iK:) «o 


M 
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w  MAB  (       SKb+NJCt       \  (614) 

M  ba  -  —5-  y  3K5+ X_>X2+3Xi  )     ' 

Mab  (  3X5 \  (615j 


Af  bo  -  -  -   2     ^  3X5+^2X2+3X1 

}Un_   (  N2K2  \ 

-U/!C_  "    2    v  3x5+^2X2+3/^ ; 


2      V  X3+X6+X2 


1      %jr        /  A^T 


_  ./3Xi8+3i( 


•  3X20+3X17 

;o+4X17 


(616) 


__MncLf Xe x (618) 

McH~  2      V  X,+X6+X2  ' 


l#  iU^  f f^ \  (619) 

McD~  2     Us+X.+X.  » 


1    _.     /      3X9+A7X7+iVi7X17  rfi2f 


( ^1 ^  ....     (621) 

1,3X9+^7X7+^17X17+3X4/ 


M1J=-  -1.  MAF(^K9+NiK^iiKii+ZK^    ....      (622) 

3/,p=-  T  M^\SK9+N7K7^N^Kl7+dKj  ■      •      '      '     (623) 
in  which 

/3X,+3X6+3X2\ 
\3X,+3X«+4X2/ 

/3X,+3X10+3X7 
"  7    \3X8+3X10+4X7 

/3Xn+3Xn+3X12 

;:,  +  3Xlf+4X12 
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If  the— r-'s  of  all  girders  are  equal  and  are  represented  by  K .  and  if 

I  K 

the  —r-  's  of  all  columns  are  equal  and  are  represented  by  — 

'  3n+7  / 
and  equation-  605  to  623  reduce  to  the  form 


MAB=MAL  = 


P< 


/3n+3+A 
\  3n+4+  A'  / 


/3n+3+A  \  /3n+iV  v 


(524 


-U^  = 


nPe 


/6n-f2iV  v 

I  7n+2tf  J 


/3n+3+iV\  /  3n+iV  \ 

_V3n  +  4-HAV  +  n  \7n+2Nj. 


Mba-Mla^ 


Mae  f    dn+N 


2 


(     3K  +  .Y     \ 
'   3n+3+JVj 


*--*-- "¥(«Snr) 


.U/!(  -  Mlm»  - 


Mae 


(o/t+li  +  A'J 


nf         if  U/u/  n  +  1  \ 

Mcb-Mml-  -g-  ^-£+2  J      • 


.U,  //       A/.\/g  — 


Mi  c  /    n 


fur  /       W        \ 

2    V/t  +  '-W 


w,,  arMjr-  --^£(— j 


u,.A= 


Mai    i 


■1 


/  3n  +  2^ 
V  6fl+2/ 


.       .       I 
I 

.      .       I 
6 
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""=-¥(e^W) •    (633) 


MAF     _N 

2      Vn  +  2N 


MjPO=^p=_i^_£l_ (634) 


If  all  the  iv's  are  equal,  equations  605  to  623  reduce  to  the  form 

MAli  =  MAL  =  0.33lPe (635) 

M ba=M la=0.  113  Pe (636) 

Mbg=Mlp=  -0.052  Pe (637) 

Mbc=Mlh=  -0.062  Pe (638) 

Mcb=MMl=  -0.021  Pe (639) 

M  ch  =  M  MQ  =  0. 010  Pe (640) 

MCD  =  M *N=0.  010  Pe (641) 

MAF  =  0.338Pe (642) 

MFA  =  0.131Pe (643) 

MFJ=  -0.038  Pe (644) 

MFO=MFP=  -0.046  Pe (645) 

If  there  are  loads  at  each  of  the  points  M,  L,  A,  B,  and  C,  the 
moment  at  any  point,  as  A,  can  be  determined  by  taking  the  sum  of 
the  moments  due  to  each  load  separately.    If  the  values  of  Pe  are  equal 

for  all  the  points,  if  the-y-'s  of  all  girders  are  equal  and  are  represented 

j  zr 

\>y  K,  if  the  — 's  of  all  columns  are  equal  and  are  represented  by 


n 


(3ri_i_(}\ 
J,  the  moments  ar 

u     _M     _Pe    L         Zn+4+N       ~. 

al  ab      -Mm.  —  — « — 771 — m rr 


(646) 


2    /3w+3+iV\        /  Zn+N  \ 
\:in+4  +  Nj+n\7n+2NJ 


M,y  = 


ANALYSIS   Of    -tail   W.I.Y    [NDBTKBMINAT1  \\\ 

X 

■  i>,  (  61    •  _'\  ,  2n+4 


-2.V 
Un+2JV 


+ 


-3 


3n+4+JV 


/3n+3+A  v  \ 

(  •        i  •  A  I  hnV7nH-2i\  I 


1:'  the  A"<  of  the  columns  equal  the  K'e  of  the  girders 


MAB=MAl  ,  =  1|        331    P<       0  372   71 


MAl  -  0  254  P< 


The  moments  Mal  and  .'  maximum  when  tin-  fram 

loaded  as  shown  in  Pig.  73.     [fthe-p's  of  the  girders  all  equal  K9  and  if 

/  A' 

the-y  *s  of  the  columns  all  equal  —  >  and  if  all  values  of  /'• 

maximum  moment-  are 


i 


/' 

—-t+ 



*-  r-» 

P 

! 

r 

i 

$ 

i 

| 

lb 

M 

/.' 

A 

r 
I 

r 

■ 

JO 

/7 

■ 

// 

P 

I 

r 

R 

P 

4 

/ 

P 
r 

ro 

• 

t 

J 

H 

I 

— 1 — 

— i 

>0 

Ik. i 


142 


ILLINOIS    ENGINEERING   EXPERIMENT   STATION 


Pe 


3??+4+AT 


(v3n+4+A7+r?V7n+2iV; 


(650) 


.l/w    is   maximum   when   alternate  floors  are   loaded.     For   such 
oading 

N 


/(vH-2A_\ 

/V      V7//+2.V; 
MAF  =  n  -=- 


2?i+4 


L3/i+4+iVJ 


/3M-3-MV\         /  3n+iV  \ 
V3?z+4+iVy  + /?  V7n+2A^y 


(051) 


If  the  iv's  are  all  equal  and  the  values  of  Pe  are  all  equal,  the 
maximum  moments  are 


MAIi  =  MAL  =  0Ao4:Pe 
MAf  =0.358  Pe    .      . 

A 


Do-= 


(652) 
(653) 


Figure  74 

d  of  Settlement  of  One  Column  of  a  Frame  Composed  of 
a  A  [angles. — Fig.  74  represents  a  portion  of  a  frame  corn- 

el a  Dumber  of  rectangles.     The  unstrained  outline  of  the  frame 
Qted  by  broken  lines.     The  middle  column  BGL  settles  an 
presented  by  d.     The  strained  outline  of  the  frame  is  repre- 
I  he  full  lines.     The  points  D,  A,C,J,  M,  K,  F.  and  H  remain 


0  be  in  equilibrium 
Mn  •  MFD+MFA+MFO=Q 


(654) 
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Substituting  the  values  of  the  M't  en  by  th< 

Table  1  gi' 

::/.'    (  Kz+KA+K?\+2EKhfa0'+0o-$-j   )     0 


or 


0r  = 


■21. K    20o+0F-3y-) 


Substituting  the  value  of  ^j  from  equation  656  in  equation  657 

r        ^A.+SA^  +  SA.  +  aA    , 


(W  / •:{A'>-K*Ai+3A%+2A"s 
/.  Ua4+3Ai+3A\  +  4A5 


Similarly  for  tin*  right-hand  portion  of  the  structure 


*    »•[*«•  (se+1 


::/\    •  :;/\    •  :\/<     ■  3A 
IA,+3A,o4  I 


+ 


3/T7+3JK      3A       2Ki    ] 

(     ft   -h3A'3+3A,o  +  4A    I J 


ZER  .     .     .     . 

For  0  to  be  in  equilibrii 
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Substituting  the  value  of  the  M's  in  equation  662  gives 

K*  i  3K4+'3K1+3Ks+2K6\     7v,i/3X7.H-3/^+3Xi0+2K6 


6d 


I,  ^Ki+SKi+SKs+lKj      h  V3#7+3tf3+3Xio+4K6 


r:U\l-f3yv'1+3/vs+3A'.-; 

3A4  +  3A'i  +  3A\s+4A.-,  _ 


+  4A(i 


3K7+3A^+3K10+3/v6- 

3a:7+3a:3+3Xiu+4a:6 


+  3A2+3A9 
.      .    (663) 


From  equation  656 


Qf=7H? 


U±^--2KbeG 


(664) 


3A4+3A1+3A8+4A5 


Also 


dn  =  -; 


Gd^+2KsOG 


(665) 


3A7+3A3+3A10+4A, 


If  the  portion  of  the  frame  DJ  is  symmetrical  about  G,  dG  =  0, 
and   6y=  —  6H. 

With  0C.  0F,  and  0/f  known  the  moments  can  be  determined  from 
the  equations: 

(666) 


MFA=3EKiOF 
MyD  =  '3EK<eP 
MFK=ZEK%6F 


MFG=2EKj2eF+dG-Zf- 


Mol  =2EK:hdG+dF-zf) 
Mqb—ZER  . 

=ZEK96G     .     .     .     . 

d 


(667) 
(668) 

(669) 

(670) 

(671) 
(672) 


Uaa=2EKj(26Q+eH+ZY) (673) 


ANALYSIS   Of   STATICALLY    QfDETEBMINATE    BTBUi   H  BBS  145 

Aflfo=2^J«:/2ftr+fc+3^ 574 

MHC=ZEKt$B 675 

MHj=SEK10B 

Mhm^SEKlSh 677 

If  the  members,  instead  of  being  hinged,  are  fixed  al  D,  .1.  l> 

J,  Af,  L,  and  A' 

rA*.s/4A'4  +  4A"1  +  4A'H+2A'i  x      A,  /4A"7  +  4A"3  +  4A",r.4-2AVn 
M  L  / .-.  i  4A4  +  4A'1+4A\+4A   I  ""  /«  {iK^+AKi+iKx.+UCj] 

eG= 

,_  /4A\  +  4A',+4A\+3A\s\  .  t„/4JTH  1A    -  »A     I  3A    ,     .-    ,  . , . 
,A  "  (  4A,  +  4A'I  +  4A\  +  4A-J+  IA'(  iA7  +  4A3  +  4A1o  +  4A  J^h^  ,A 
(678) 

My^  -l>A.^g 
*>'  =   4A-4  +  4A',  +  4A\  +  4A-3 

A      •  JA 
6li=    "4A-7  +  4A-3+4A-1„+lA-fi 

-U/.,         1AA:0, 681 

-W,.,       lAA;", 882 

lfM  -    1AAA 

.1/;,,    2EKh(2$l  •  "  M (684 


2BK   (  24  I  ^ 


Mai     2EK   (  2*o+*r-3-^-)     ,     ,     , 

I /.A  0 •     (686) 
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MGL=4EK96a (687) 

MGH=2EKj2eo+0H+^\ (688) 


MHG  =  2EK 


U  (2  eH 


+  eG+ 


3d 


Mhj  =  1EK16h 


(689) 

(690) 
(691) 


MH„  =  ±EKl00H (692) 

If  the  portion  of  the  frame  DJ  is  symmetrical  about  G,  dG  =  0,  and 

The  moments  due  to  the  settlement  of  one  column  for  frames 
having  the  K's  of  all  members  equal  and  the  lengths  of  all  girders  equal, 
and  also  for  frames  having  the  K's  of  all  columns  equal,  the  K's  of  all 
girders  equal  and  the  lengths  of  all  girders  equal  are  given  in  Table  17. 

It  is  to  be  noted  that  the  work  in  this  section  is  based  upon  the 
umption  that  there  is  no  horizontal  motion  in  the  frame. 

Table  17 
Moments  in  a  Frame  Composed  of  a  Number  of  Rectangles,  Due  to 

Settlement  of  One  Column 


Moment 

K'soi  All 

Members  Equal 

Lengths  of   All 

Girders  Equal 

for  All  Columns  Equals  K 

—  for  All  Girders  Equals  nK 
Lengths  of  All  Girders  Equal 

Ends 
Hinged 

Ends 
Fixed 

Ends 
Hinged 

Ends 
Fixed 

Mqb  and  Mql 

0 

0 

0 

0 

Mwa,  Mfk,   —M/,c, 

18      KEd 
13          I 

3      KEd 

18n       KEd 
6+7n         I 

Sn       KEd 

and  —Mem 

2          I 

1-fn        I 

Mm  and  —  M ,,j 

18      KEd 
\4         I 

3      KEd 

18rc2      KEd 
6+7n        I 

3n2        KEd 

2           / 

1+n          I 

54   KEd 

9    KEd 

2        / 

-18n(2+n)KEd 

-3n(2+n)m 

6+7n           / 

-Moa 

66  KEd 

21    KEd 

4        I 

-6n(V+5n)KEd 

-3n/4+3n\  KEd 
2     U+nj     I 

13      I 

6+7n          I 
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XI.      Till,  GEE    B 

62.     Three-legged  Bent.     Lengths  of  All  Legi    h 
■  i ,  •  Left-hand  Span     I.<      11  nged  at  tin  Bam  .     1  _r.  75  rcproa 
a  three-legged  bent.    The  lenj  f  all  legs  are  different      P  repre- 

sentfl  the  resultant  of  any  system  of  loads  on  AB.    The  legs  of  the  1 
are  hinged  at  D,  (  .  and  E. 


Ir 


fc* 


b*. 


rial  -train-  are  neglected  th   vertical  deflections  of  B  rela- 
tive to  -1  and   F  ai  Likewise  the  horizontal  defli  A 
l>.  and  A'  are  equal.    Thia  deflection  ia  repn          I  by  d. 
Applying  the  equation         fable  1  givn 


MAB~2EE  hW-( 

M        2ER   20    -0*)  +  ' 

M        ■'!  K  i  f  #/»  —  -J —  j 

u  ,     j/-; A   20*+*,)    •     • 
Mi  i-2  "       •     • 

-Um    :;/'a  ( "    "XJ 
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For  equilibrium  at  A,  />,  and  F 

Mad+Mab=0 (700) 

Mba+Mbc+Mbf  =  0 (701) 

MrB+MFB=0 (702) 

For  the  bent  as  a  whole  to  be  in  equilibrium 

-]L»L  _l    Mnc  Mfe    =() (?03) 

Substituting  the  values  of  the  moments  from  equations  693  to  699 
inclusive  in  equations  700,  701,Y702,  and  703  gives 

:\l-:K0dA-SEK0-f+4EK1eA+2EKi6B  =  CAB    \      .      .      .     (704) 

4!-:Ki6b+2EKi6a+ZEK26b-ZEK2  4~  +±EK3dB+2EKsdF 

h2 

=  -CBA (705) 

lEKz6F+2EK3eB+ZEKA6F-ZEKi  ~  =0 (706) 

5S5-  eA  -  ZEK .  ±  +  ^  &b  -  3EK,  ±  +  s-^eF-  3ek<  i 

=  0 (707) 

These  tour  equations  contain  only  four  unknowns,  and  it  is  there- 

sible  to  combine  the  equations  and  solve  for  the  unknowns. 

The  resulting   expressions,  however,  are  so  complex  that  it  is  more 

ticable  to  substitute  numerical  values  for  E,  the  K's  and  the  h's 

and  thru  solve  for  the  unknowns,  d  and  the  0's,  by  a  process  of  elimi- 

•!i.     Knowing  d  and  the  0's,  the  moments  can  be  determined  from 

equi  to  699  inclusive. 

oil  ace  in  eliminating  the  unknowns,  equations  704,  705, 
!'•  reproduced  in  Table  18.     In  this  table  the  unknowns 
of  the  columns  and  the  coefficients  of  the  unknowns  are 
in  tl  below.     Equations  A  to  I)  of  Table  18  are  identical  with 

to  707. 
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I   I  BLI    L8 

roa  Thbjbi  - 

Lengths  of  All  ]a>z*  Different.     Vertical  Load  on  Left-hand  Span.     Lap  Hi  . 

at  tho  Bfl 


Xo. 
of 
Equa- 
tion 

t-hand  Member              bion 

gmV 

■••1 

Ba 

eb 

Of 

</ 

A 

:*A\,+4A', 

IK, 

0 

Ca„ 

+    1 

B 

2K, 

{Kx+ZKt+AKt 

Cba 

E 

C 

0 

2£, 

:<A< 

0 

D 

8JT. 

ho 

AK2 

:i/v'4 

+3[V£+fe]     ° 

r 


w 


IK, 


1 


k** 


1    K.I    I 


,.     Thnelegged  B<  nt.    l.<  ngOu  oj    l "  /.<  . »  £ 
Load  em  /  9fpai     /  •  .    P  *ed  "' 

i  three-legged  bent    The  lengths  of  ill  lep  an  din1  P  rep 

aenti  the  rasuKanl  of  ei         tein  of  l<  ->  <>f  tin*  i- 

are  fixed  at  D,  (  .  and  /■.. 
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From  the  equations  of  Table  1 

d 


MAD=2EK 


/26A-SjA (708) 


MAB=2EKi(2dA+eB)-CAB (709) 

Mba=2EKi(26b+6a)+Cba (710) 

Mbc=2EK2(20b-Z'j^\ (711) 

MBF  =  2EK3(2dB+eF) (712) 

MFB  =  2EKZ{2  eF+6B) (713) 

MFE  =  2EKA(2dF-S  4~) (714) 


MDA  =  2EK0 


/i4 
d 


O^) (?15) 


McB  =  2EK2(dB-Z  j\ (716) 

Uef  =  2EkJbf-?>j-\ (717) 

lor  equilibrium  at  A,  B,  and  F,  equations  700,  701,  and  702  are 

applicable. 

i   >r  the  bent  as  a  whole  to  be  in  equilibrium 

Mai>  +  Mi>a  _j_  Mbc+Mcb  +  Mfe+Mef  =n  _    (718) 

stituting  the  values  of  the  moments  from  equations  708  to  717 
in  equations  700,  701,  702,  and  718  gives  the  equations  of  Table  19. 

•legged  Bent.  Lengths  of  All  Legs  Different  Any  System 

Loads.— No  matter  what  system  of  loads  is  applied  to  the  fchree- 

legg'  KgS.  75  and  76,  equations  similar  to  equations  693 

1 8  and  700  to  703  can  be  written.     These  equations  will 
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rontaiii  do  unknown  quantities  not  found  in  the  equations 

and  therefore  they  can  be  combined  to  obtain  equations  similar 

equations  of  Tables  is  and  L9.    The  left-hand  members  of  the  equati 

for  all  bents  with   le^rs  hinged  at   the  bases  will    be  identical  with  the 
left-hand   member-   of   the  equations   oi    Table    Is.    and    the   left-hand 

members  of  the  equations  for  all  I  .  ith  U-^  fixed  at  the  bases  will 

be  identical  with  the  left-hand  inemi  bk   1''. 

The  equations  of  Table  l  a-  applied  to  a  three-legged  bent  ha-. 
legs  hinged  at  the  bases  and  carrying  a  numl 

given  in  Table  20.      Similar  equations  for  a  t!  bmt   ha\ 

legs  fixed  at  the  bases  are  given  in  Table  21.     Four  equations  contain 
four  unknown.-,  derived  from  the  equations  "i  Table  20  are  in 

Table  22,  and  four  equations  containing  four  unknownt  the 

equations  of  Table  21  are  given  in  Table  23.    The  equation 

can  be  used  to  determine  the  -  -  in  a  bent  having  legs  hin_ 

the  bases,  and  the  equations  of  Tab!*-  23  can  be  used  to  determine 
the  stresses  in  a  bent  having  Legs  fixed  at  tin  A  numerical 

problem  illustrating  the  use  of  the  equation  in  Table  2 

in  section  7b. 


Tabli  l'.t 

i  OS  Tmu  i 
Lengths  ol  \i!  Legj  Different.     Vertical  Load  on  Left-hand  Span     I 

the   1 


of 

Member  •     1 

j.t- 

Equa- 
tion 

Ba 

Ob 

9, 

./ 

• 

\ 

I A     •  \K\ 

0 

6 

-6 

* 

B 

-'A'. 

4/Ci  •  »A,  •  JA 

fl-*3 

E 

A 

C 

0 

\Ki  |  IA« 

A* 

I) 

**• 

J 

.  i  .r^.M^ 
r 

• 

«l.- 


■> 


152 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


0  as 

w  X  c  0  *  kP-Jj  2  0  02  fn  °° 

0 

O 

O 

1 

0 

— < 

II 

*  0  c  rt 
►  ■S     -200 

0 

13  K? 

1-1 

IN 

&3 

t 

0 

0 

CO 

11 

1 

1 

+ 

B 

a  s 

02 

c 

is 

c  § 

-c  0 

CO 

— 

0 

1 

0 

0 

0 

«a 

qq]  i)  Bents 
Legs  Binged  b 

«-«2 

8g 

Q 

+ 

0 

0 

0 

^l-lOJcjC^Cdm     MOO 

O                        M 

0 

0 

0 

0 

[     1, OIK  Is. 

—  - 
<!  cr 

^  >  -P  ^       ^  -C  02  ^  ^ 

-  0 

05 

1 

+ 

0 

_.- 

_            M       C 

5    p  s 

m 

'-    0 

*& 

-1-3 

c3 

-       ■     g 

O 

-     £   >> 

<      c  ^ 

0) 

H       £    >> 

-a 

<    ~ 

■+3 

-    3 

e*- 

3" 

O 

-       • 

+3 

-*a 

a 

-  a 

a> 

■- 

T3 

S 

/  — 

_   - 

0) 

a 

1  - 

^  a 

0) 

U 

.2 

-  _ 

0 



< 

1 

1   ~» 

«— 

c 

o3 

3 

•«U 

'"sj 

■^ 

-«l^ 

.  O" 

<£> 

<i) 

a> 

1 

+ 

+ 

1 

tl 

<3i 

OQ 

05 

<3i 

d 

3 

-t- 

^    ^y 

<N 

(N 

s^_—^/' 

<_ 

0 

^-^, 

^ 

c< 

0 

^ 

V< 

^ 

X 

-*-' 
h 

c^ 

Bq 

Bq 

6q 

eg 

CO 

(M 

C<J 

CO 

A 

II 

II 

II 

II 

•  »■* 

Q 

05 

■<! 

0 

— 

■"! 

^ 

05 

05 

r- 

* 

^ 

* 

^ 

4  - 

r— 1 

CO 

CO 

-* 

0<M   "    S 

/  0  y.S 

s       ^  _ 

1 

1 

LYSIS    <>l     STATU   \IJ.V    I  \DK  TKKMIN'A  T 


- 

- 
- 
g 

E 

z 

: 

J 

- 
- 

— 


^ 

a 

- 

— 

1 

- 

- 

,-» 

— 

to 

I 

n 

T 

H 

N 

-f  1     — 

2 

■H    _^ 

— 

— 

■• 

■ 

fci 

k 

^j- 

- 

^_ 

1 

i 

-- 

H 

^- 

- 

7 

+ 

a 

r 

- 

= 

- 

= 

i. 

- 

1 

+ 

e 

■■ 

~-~ 

o 

= 

- 

e 

- 

= 

~ 

*e| 

v 

*     2 

*\* 

*-  r5 

.. — » 

^~ ^ 

+ 

+ 

1 

+ 

+ 

*    -• 

Q5 

«> 

Nw     . 

■= 

*. 

ia 

***  -^ 

E  i 
to 

*- 

^~ 

>-» 

-1 

~C 

-— 

• 

+ 

+ 

1 

II 

|| 

•^ 

2 

«-~ 

^ 

*^ 

aa 

-. 

— 

™ 

* 

:i 

i 

i 

1 

* 

*| 

"■ 

- 

K 

- 

i  - 

/ 

- 

- 

—    = 


1 


l.V}  ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


•m ■ 

lr- 

P 

m 

- It — 

A 

v 

B 

F 

i 

p, 

O 

'q_v 

4* 

"<7 

>c, 

,i       D 
1         r» 

C 

! 

\j 

6- 1 

Figure  77 


i'       D 


c6 


ft* 


Figure  78 


A 

5 

f5 - 

P  > 

> 

c, 

i 
5         I 

i 
z 

I 

- 
i 

) 

, 

•• 

'4 

V 

*< 

Figure  79 


ANALYSIS  Ol     STATICAL!/!     INDETERMI1S  RUCTU1  155 


II 


c& 


. 


*A 1 


- 


1  i...  i      9 


- 

— 1 

/ 

« 

1  k 

A 

B 

. 

r      l 

( 

C 

9 ' 

, 

I 


L56 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


•/. 

Z 
0 

- 
< 
- 

- 

- 
M 
h 

Z 

- 
1 

- 
- 

z 
- 


■J. 
- 
s. 

r. 

pq 

o 

-c 


x 


r      _  .d** 


SI 


- 
O 


—        R 


- 
i 

- 

=1 


-- 

/. 

- 


.►J 

n,  differen 

Case  Ml 

External 

Couple 

at 
I  pper 
Left- 
hand 

Corner 
See 

Fig.   88 

o 

o 

o 

o 

o 

c 

<*> 

'-3 

""3        ro 

N 

k 

— 

o 

CO 

Case  X 

ettlement 

Rotation 

Foundat 

See  Fig. 

Q 

*lrf 

*k 

+ 

IN  1     <N 

c  £ 

o 

ki 

IN 

&3 

03  "3 

CO 

<M 

i© 

CO 

CO 

0    go 

+ 

1 

1 

+ 

» a 

fl      - 

the  right-hand   i 

:h  system  of  loads 

<  lase  X 
Hori- 
zontal 

Load  to 
the 

Left  on 

Right- 
hand 
Leg 
See 

Fig.   86 

O 

o 

o 

o 

Case  IX 
Hori- 
zontal 
Load  to 

the 
Right  on 
Left- 
hand 
Leg 
See 
Fig.   85 

+ 

o 

o 

o 

_  - 

0  ~c 

l-H 

term 
foi 

Case  VII 
Vertical 
Load  on 
Right- 
hand 
Span 
See 
Fig.   84 

o 

o 

o 

o 

■ft 
- 

0 

' — 

< 

CaseVII 
Vertical 

Load  on 
Left- 
hand 
Span 
See 

Fig.   83 

o 

03 

1 

+ 

o 

+3 

a 

<u 

-a 

S3 

<D 

a 

<v 

TJ 

.a 

.22 

/S~           ~N^ 

^»      «^ 

•J3   eJ 

^ 

^M1 

Sjo 

CO 

1 

<3b 

<3S 

CO 
1 

1 

+ 

+ 

1 

03 

w  ■+-< 

<3S> 

<q 

03 

<5> 

o^_ 

<M 

<3S 

■^ 

<M 

—   0 

^^    _^s 

<N 

<N 

-t-- 

o 

•— 

- 

fc 

* 

k| 

k 

— 

- 

II 

Q 

K3 

II 

II 

II 
Cj 

X 

^ 

^ 

03 

03 

2 

^ 

^ 

4 

^ 
"^ 

o«a  2  9 

fc  °  §-J 

i— i 

C3 

CO 

Tt< 

1 

1 

1 

ANALYSIS    01    STATICALLY    tNDETERMINATE    STR1 


157 


o 

5 

o 

s 

1 

- 

s 

5 

- 

o 

* 

<s> 

<£> 

■+ 

e» 

» 

< 

< 

< 

ftfl. 

58 

1 — 

c  i 

— 

1 

H 

1 

-. 

+ 

+ 

H 

M 

1 1  * 

-.  i  -i 
|4 

"1    * 

3 

o 

- 

n 

H 

•» 

0 

» 

H 

< 

< 

< 

< 

■< 

K 

ftg 

fc 

- 

Bq 

Be 

PC 

1 

e 
1 

- 
+ 

— 
+ 

+ 

- 

*u 

k, 

l 

^  '■« 

1 

C 

- 

+ 

o 

s 

r 

- 

^ 

o 

q 

Q 

Cj 

~ 

q 

0 

= 

- 

" 

— 

1 

+ 

— 

z 

i. 

^ 

p 

2£ 

I 

1 

+ 

~ 

: 

— 

- 

- 

c 

^H 

T4 

■ 

a 

- 
< 

o 

— 

- 

- 

- 

- 

c 

- 

: 

I 

IT 

1 

-- 

- 

♦ 

+ 

-c 

* 

K 

«-. 

•— 

c 

/**"       ""^x 

-^*  M^^v 

^*-"**s. 

y^^^N. 

|    _ 

■^          ^ 

«*, 

-"[* 

<° 

*|4 

^ 

"" 

^ 

• 

<*> 

1 

1 

re 

* 

-c 

+ 

+ 

1 

1 

l 

1 

£ 

05 

~. 

«> 

- 

0) 

fc 

+ 

-— 

<a 

<*> 

<*> 

% 

% 

« 

K 

« 

:i 

-i 

^s-        S 

^s-    ^y 

^»  .  -^ 

1 » 

m 

K 

•» 

• 

» 

^ 

< 
SB 

< 

< 

lq 

< 

+ 

+ 

■», 

N 

II 

-i 
ii 

"I 
II 

- 1 
ii 

II 

■ 

1 

* 

■< 

• 

05 

*. 

K 

•^ 

•«. 

I 

1 

1 

* 

1 

•— 
-— . 

~- 

* 

^. 

^i 

*■» 

■ 

u 

: 

. 

: 

1  - 

/ 

91 

z 

-1 

— 

158 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


It-* 


D 


hi 


LJL 


!  JL 


Figure  83 


r 


Figure  84 


Figure  85 


ANALYSIS    "I    STATICALLY    DTDETERMINATE    BTB1 

.,_       _ 

F 

I 


159 


i 


!    * 


/ 


T 


■fc 


Fioi  i 


FiauRi  87 


s 

"     »■ 


r— I 


■1 T 


', 


; 


p| 


V 


100 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


- 
_o 
'■*» 

aa 

XT 
W 

u_. 

c 

«- 

c 

— 

C 
- 

-- 
i 

— 

3 

VI 
External 
( louple 

at 

Upper 
Left- 
hand 

Corner 
See 

Fig.  82 

*|nq 

O 

o 

o 

1 

03 

CQ 

— 

-►J 

Case  V 

Settlement  and 

Sliding  of 

Foundations 

See  Fig.  81 

13  |~^ 

CO 

13           73  U; 

1       ^              <N 

co                K_L 

*G              k 

co          CO 

k-          1 
CO 

+ 

i-i 
CO 

k 

CO 

1 

13 

I          CO 
CO 

CO 

k 

CO 

13  |-< 
1 

IN       <N 

13|-« 

IN 
1 

rf 

Case  IV 
Hori- 
zontal 
Load  to 

the 
Left  on 
Right- 
hand 
Leg 
See 
Fig.   80 

O 

O 

E3 

V 

a 

K3i  d  Bent 

.oads.      Legs  1  linged 

5    "IT 

1             El. 

ft, 

&3 

k 

I— 1 

^       1 

CO        ' 

Case  III 
Hori- 
zontal 
Load  to 

the 
Right  on 
Left- 
hand 
Leg 
See 
Fig.  79 

fell 

1 

o 

o 

Q       i 1 

I i 

T— 1 

CO        ~ 

H  — 

7   t 

:  5 
n  - 

—  — 

-  > 

Case  11 
Vertical 
Load  on 
Right- 
hand 
Span 
See 
Fig.  78 

o 

a? 

k 

i 

O 

VTloNS    1  (  Hi 

•nil .     Any  E 

Case  I 
Vertical 
Load  on 
Loft- 
hand 
Span 
See 
Fig.   77 

CO] 

sJ  1 

aq  Kj 

1 

o 

O 

c 

0 

— 

3 

r 

r    - 

— 

•— 

s 

I 

z 

— 
c 

r. 

-= 
i 
— 

■  — 

13 

kl"< 

CO 
1 

CO 

1 

CO 

1 

INI 

k' 

4 

ki. 

i 

i 

ex 

_    i 

:-  '-= 

-'  22 

-  Q 

/. 

- 

— 
i 

5 

/. 

- 

^  kl-« 

o 

CO 

k 

CO 

+ 

CO 

tfl* 

1 

aq 

k 

<N 

CO 

k 

*U 

- 

+ 

o 

k 

CO 

k 

O 

Si 

k|*? 

-  - 

< 

PC 

\ 

O 

Q 

s 


ANALT8I8    OF   STATICALLY     [NDETERMINATE    BTR1 


161 


— 

5" 

- 

c 
- 

Z 

— 
a 

r. 

— 

l 

■»-> 

B 

Case  XII 
rnal 

i  oner 

hand 
uei 

B8 

+ 

3 

= 

z 

XI 
•  lement  and 

ii ion  <>i 
1  oundat  i<  u 

k 
i 

< 

1 
1    -i? 

<    < 

+ 

- 
< 

;   41      1 

m 

k     k 
i 

i    kl 

i 

Hori- 

bal 
id  to 

on 
ht- 
hand 

- 

: 

5h 

+ 

*., 1 

• 
1 

-  — 

_       pjj                      — 

- 

*g 

: 



4 

0      4 

\  111 
1  leal 

ht- 
hand 

— 
— 

c 

+ 

1 

: 

\  II 

■ 

1  (»n 
1, 

hand 
Span 

- 
+ 

i 

0 

c 

a 

: 
— 

- 

- 

t 

E 

-o 

-^ 

1 

1 

e 

l 

-i        4- 

1 

■ 

k 

k 

— 

+ 

M 

k 

•1  ■ 

kW 

= 
«> 

k 

M 

M 

*r* 

— 

• 

: 

»4* 

• 
—  _ 

— 

- 

jg 

i 

- 

162 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


65.  Three-legged  Bent.  Lengths  and  Sections  of  All  Legs  Equal. 
Lengths  and  Sections  of  Top  Members  Equal  Any  System  of  Loads. 
l€t  L  0f  a  fop  Member  be  n  times  -7-  of  a  Leg.  Legs  Hinged  at  the  Bases  — 

Fig.  89  represents  a  three-legged  bent.     The  lengths  of  the  legs  are 
equal,  and  the  lengths  of  the  top  members  are  equal.     The  y  of  atop 

member  is  designated  as  K,  and  the  y-ofa  leg  is  designated  as  —  •    The 
legs  of  the  bent  are  hinged  at  D,  C,  and  E. 


=K 


I  K 


1 — -0 


/  K 


I  K 


Figure  89 


The  equations  of  Table  1  as  applied  to  the  three-legged  bent  repre- 
Bented  in  Fig.  89  are  given  in  Table  24  for  a  number  of  systems  of  loads. 
Four  equations  containing  four  unknowns,  derived  from  the  equations 
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Figure  90 
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of  Table  24,  arc  given  in  Table  25,  and  the  mot: 

members  as  found  from  the  equations  of  Tables  24  an  i  25  are  given 

in  Table  26. 

66.     Three-legged  Bent.     Lnujth-<  and  S                   1      /.  ml. 
Length*  <"<<l  &                Tap  Met  '■■      Equal.     .  I 

Leg    Fixed  <>t  tfu                Pig.  90  represents  a  three-legged  bent.  Tin- 

lengths  of  the  legs  are  equal,  and  the  lengths  of  the  top  mea  are 

equal.     The  -y-  of  a  top  member  is  d  las  ff,  and  the -jr 

ia  designated  as  —     The  legs  of  the  bent  are  fixed  at  Dt(         i  E. 

The  equations  of  Table  1  as  applied  to  the  three-legged  bent  rep 
•»-d  in  Fig.  '.M  are  given  in  Table  27  for  a  number  lot  Is. 

I  i  ur  equations  containing  four  unknown-,  derived  froi 

27,  are  given  in  Table  28,  an  I  the  moments  at  the  en  Is 
memh  found  from  the  equations    ■    T    ties  27  and  28 

in  Table  2 
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Table  26 
Moments  Due  to  Various  Systems  of  Loads  on  a  Three-legged  Bent 

Lengths  and  Sections  of  Top  Members  Equal.   I   -j-  =  K  j 

Lengths  and  Sections  of  All  Legs  Equal.  (  ~r  =  —  ) 
Legs  Hinged  at  the  Bases. 


117-  no , 


Xo. 
of 

"qua- 
tion 


Mo- 
ment 


Vertical   Load   on   Left-hand   Span 
See  Fig.  91 


Case  II 

Vertical_Load  on  Right-hand  Span 

See  Fig.  92 


Case  III 

Horizontal    Load    to    the    Right    on 

Left-hand  Leg 

See  Fig.  93 


Case  IV 

Horizontal  Load  to  the  Left  on 

Right-hand  Leg 

See  Fig.  94 


Case  V 

Settlement  and  Sliding 

of  Foundation 

See  Fig.  95 


Case  VI 

External  Couple  at 

Upper  Left-hand 

Corner 

See  Fig.  96 


1       Mad  = 


''..«'!"» +!»+('Bm(4h +3) 
4(n  +  l)  (4ii+3) 


CBf(4ii+3)-QB(27i+3) 
4(n  +  l)  (4k +3) 


2n//,u,(16H  +  15)-J/p(4n+3);! 
12(u  +  l)  (4«+3) 


2nHFE(Sn+9)  -  ME(in  +3)2 
12(ii  +  l)(4n+3) 


EK     18t)(ti+1)  (2rfi-rf3)-i  [rf2l8H+6)+rf4(S7)+9)] 


21,1 


(71  +  1)   (471+3) 


4(n  +  lj  (4n+3) 


('■4B(in«+9)+ClM(4»+3) 

4(»  +  l)  (471+3) 


CW4ii+3)-CVB(27i+3) 
4(7i  +  l)  (4n+3) 


2n//Jio(16»+15)-J1f0(4ii+3)2 
12(h+1)  (4«+3) 


InHpE&n  +9)  -ME(4n  +3)2 
12(«  +  l)  (4ti+3) 


EK 
"WL 


IS/idi  +  l)  (2r/i-rf3)-/  [d2(8»+6)+ii'4(.S7i+9)l 
(Ti  +  1)  (4«+3) 


.U(16ii;  +  18n+3) 
"  4(«  +  l)  (4ti+3) 


Vba 


(2t»+3)  [C.4B(271+1)+CBa(471+3)1 
4(n  +  l)  (4n+3) 


CBf(4ii+3)  (271  +  1)+Cfb(4»;-3) 
4(n  +  l)  (4h+3) 


(271+3)  [2iiH,40-M0(47i+3)] 
12(ii  +  l)  (411+3) 


2ii//F£(10ti+9)-)1/e(471+3)  (271+3) 


12(71  +  1)  (4n+3) 


6/i(7i+l)  (2»+3)  (2i/i-(/3)+Z  [rfalSn  +  6) -i/VlOi,  4-9. | 

(71  +  1)    (471+3) 


■Ut27,+1)  (2ti+3) 
4(7i  +  l)  (4n+3) 


Cab+Cba 

'     2(71  +  1) 


Cbf  +  Cfb 

'     2(71  +  1) 


2ll//.4D  +  il/D(271+3) 


2nHFE-ME(2n+3) 


6(71  +  1) 


M 


2(n+l) 


Mbf  = 


r.4fl(47,;-3)  +  C^(47i+3)  (271  +  1) 
4(7,  +  l)  (4ii+3) 


(2ti+3)  [Cbf(47!+3)+CfB(27!+1)] 


4(71  +  1)  (4n+3) 


2nHAD(W>i  +9)  +  it/o(47i  +3 )  (2n  +3) 
12(i,  +  l)  (4ii+3) 


(271+3)     f27,//FE  +  :U£(471+3)] 

12(n  +  l)  (4»+3) 


6/i(7i.  +  l)  (271+3)  (2rf1-c/3)-/[^(S»+6)+i/4l27i+3)l 

(71  +  1)    (471+3) 


J/(4i,--3 
4(n  +  l.    k  +3 


C.4B(2ii+3)-Cm(4n+3) 
4(7,  +  l)  (471+3) 


CW(47i+3)+CFB(107i+9) 
4(7i  +  l)  (4n+3) 


27i//m0iS,i+9)+.1/,j(4»+3)= 
12(ii  +  1)  (4« +3) 


2,i//FC(16ii  +  15)+..//K4»+3)? 
12(7,  +  1)  (471+3) 


1S/,(ii  +  1)  (2di-7J3)+?[rfg(87T+6)-rf4(16«  +  lo)] 

(71+1)   (471+3) 


4(n+1 


C4B(271+3)-ClM(471+3) 

4(7i  +  l)  (471+3) 


CBy(4n +3) +Cf  b(10ti +9) 
4(71  +  1)  (4ti+3) 


2nHAD<$n  +9)  +  MDUn  +3)a 
12(i,+l)  (4i, +3) 


2»  #/■■,;(  16n +  15) +.1/E(47i +3)' 

12(7,  +  1)  (4i,+3) 


Eg 

'■21,1 


18/i(7i+l)  (2di-rf3)+n^(S7i+6)-rf4(167i  +  15)] 
(n+1)  (4n+3) 


■U.271+3) 
"4(7i  +  l)  (4ii  —3 


For  definition  of  Mi>  and  M E  aee  Table  24. 
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Table  29 
Moments  Due  to  Various  Systems  of  Loads  on  a  Three-legged  Bent 

Lengths  and  Sections  of  Top  Members  Equal.  (  —r  =K  ) 

Lengths  and  Sections  of  All  Legs  Equal.!  -r-  =  —  J 
Legs  Fixed  at  the  Bases. 


No. 

of 
Equa- 
tion 

Mo- 
ment 

Case  VII 

Vertical  Load  on  Left-hand  Span 

See  Fig.  97 

Case  VIII 

Vertical  Load  on  Right-hand  Span 

See  Fig.  98 

Case  IX 

Horizontal  Load  to  the  Right  on  Left-hand  Leg 

See  Fig.  99 

Case  X 

Horizontal  Load  to  the  Left 

on  Right-hand  Leg 

See  Fig.  100 

XII 
External    Couple    at 
Upper  Left-hand  Cornei 
See  Fig.  101 

1 

Mad  = 

C^B(lln2  +  15n+2)+4nCfl,i(n  +  l) 
+            2(n  +  l)  (6«2+9n  +  l) 

4:>CBF(n  +  l)-nCFB(n+3) 
2(77  +  1)  (6n2+9n  +  l) 

7!C,1o(10772  +  1577+3)-2»(Mi>-Cc.O  (m+1)2 

2(77  +  1)  (6772+9n+l) 

nCFB(2n'+3n-l)-2n(.MB+Csp)  (n+1)1 

2(71+1)   (677^+9/7  +  1) 

»f(lln»+lS   -  - 

2'  /,  -t- 1               -9     - 

2 

MAB  = 

0.4B(lln!  +  15H.-f2)-r47iCW»!  +  l) 
2(n  +  l)  (6»2+9ti  +  1) 

4nCBf(?i+l)  -nC«(»+3) 
2(n+l)  (6n2+9n+l) 

?.(^/,(10772+1577+3)  -MMd-Cda)  (ii  +  l)2 
2(7t  +  l)  (6na+9n+l) 

nCra(2n»+3n-l)  -2,i(Me+Cef)  (»+l)2 
2(71  +  1)  (6ti2+9ii  +  1) 

U     .     -l      In+i 
h2(n+l     6n*+!     -. 

3 

Mba  = 

nCAB®n*+8n+i)+CBA{n+l)  (6na+13n+2) 

«Cflp(K  +  l)   (671+5)+77Cf7j(3i72+7?-3) 

2(n  +  l)  (6n2+97i+lj 

n(n+2)[CAD(2n+l)-(MD-CDA)(n  +  l)] 
2(77  +  1)  (6«2+9n  +  l) 

77Cf£(4«2+471-l)-?7(ikf£  +  C'£f)   (77  +  1)   (77+2) 

2(71  +  1)  (6ii2  +  977  +  l) 

Mn  r»+2     •    1-2 
2     -   1     6n»+9n+1 

2(n+l)  (6t72+977  +  1) 

7nCAB+2CBA('ln  +  l) 
2(6n2+97i  +  l) 

2CBF(4n+l)+7nC'FB 
+         2(6n2+9/7  +  l) 

77C.4d(277-3)+27i(A/d-Cda)  (n+2) 

2(6ii2  +  9ii+l) 

nCFE(2n  -3)  -2n(M,.:+CEr)  (n+2) 
2(6n2  +  9/i  +  l) 

m* 

2  <■■-  h9n+l 

5      Mbf  = 

nCAB(3n*+n-Z)+nCBA(n  +  l)  (677+5) 
2(71  +  1)  (6712+9t7  +  1) 

Carfa+1)  (67j2  +  137i+2)+77Cf-B(37i2+8n+4) 

2(77  +  1)   (6t12  +  9i1  +  1) 

nC^D(4772+477-l)+77(i¥D-CM)  (7.  +  1)  (n+2) 
2(77  +  1)  (6i72+9»  +  l) 

n(n.+2)[CFB&n+l)+(MB+CBr)  (n+1)] 
+                  2(»+l)  (6n"+9n+l) 

i;     ..   »+n-3 
2(„+l)  (6n«+9n+l 

.  nC^B(»+8)-4nC»A(B+l) 
2(n  +  l)  (6i72+9u  +  l) 

4710^(77  +  1) +Cfb(11h2  +  15« +2) 

,  nCAD(2n'+3n-l)+2n{MD-CDA)  (n+1)' 

2(11+1)   (6772+97!+l) 

raCW(10n»+15n+3)+2n(Mi!+CV)  (rt+1)2 
2(71  +  1)  (6ii2+9n  +  l) 

.1/..  -,+3) 

2(77+1)   (6712+9ft  +  l) 

1  2(»  +  li  (6n'+9n+l 

nCAB(.n+3)-4nCaA(n+l) 

2(77  +  1)   (6t72  +  9t7  +  1) 

4nCBF(7i+l)+Ci!-B(ll?72  +  15n+2) 
2(»  +  l)  (67i2+977  +  l) 

,,i'AD[2n"-+3n-l)+2n(MD-CDA)  (n+1)2 

2(77  +  1)   (6712+9ll  +  l) 

nCBB(l0n'+15n+3)+2n{MB-\-CBr)  (n  +  1)2 
2(i,  +  l)  (6i72+9u  +  l) 

U 

2(n+l)(( 

8 

Mda  = 

.  nCABiin+oi+CsAin  +  l)  (277  +  1) 

2(77  +  1)   (6l72+977  +  l) 

CW(71+1)   (277  +  1) -CFB(2«2+471  +  1) 

2(77  +  1)  (6n2+9»  +  l) 

Oid(6ii3+27712+26/i+2)      A/z>(6i72+9i7+2)+CD.i(30ii2+4577+4 

CFB(.6n'+9na-n-l)-(.MB+CBB)  (n+1)  (6n2+9ii+2) 
6(h  +  1)  (6n2+9/i  +  l) 

Mn  4    -  i 

6(77+1)  (6ft2+9n  +  l)                          6(6/i2+9»  +  l) 

2(ii  +  l 

9 

Mcb  = 

CM5n+l)+4nCBA 

2(6h2+9/i  +  1) 

4nCBF  +  CFB(5n  +  l) 
+      2(6n2  +  9/i  +  l) 

CAD(Cm1-3n-\)+2(MD-CDA)  (3n8+6n+l) 
6(67!2+9»  +  l) 

C7-£(C)!2-377-1)-2(;1/£+Cef)  (37i2+6«  +  l) 
+                        6(6n2+9n+l) 

W(S 
2(6n«+9n+l 

10 

Mef  = 

CJB(271!  +  471+1)-Cb^(71  +  1)   (277  +  1) 

2(n  +  l)  (6n!+9n+l) 

CBF(n  +  l)   (277  +  l)+7)CV73(477+5) 
2(77  +  1)   (6/(2+977  +  l) 

CAD(&n'+9n'-n-l)+(MD-CDA)  (n+1)  (0«2+9«+2) 

6(77  +  1)   (6772+97(  +  l) 

CV£(6ii3+27n2+26ii+2)      Me  (6n2  +  9n+2)  -  Cjrp  (30n2+45n+4 
+     6(n  +  l)  (6n2  +  !lii  +  l)                          6(6n2+9n  +  l) 

2  »+] 

For  definitions  of  M     and  Me  see  Table  127. 
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XII.     Effect  of  Error  in  Assumptions 

G7.     Error  Dae  to  .1      mptioi     Efari   Axial  !>■  /    ■>. — 

In  determining  the  stresses  in  frame-  it  has  been  assumed  thai  the 
members  of  the  frame  do  not  change  in  length,  but  since  the  meml 
are  subjected  to  axial  stress  then-  must  be  ■  corresponding  axial  de 
tion.    It  remains  to  determine  the  efl  the  axial  deformation  u] 

the  stresses  in  the  fram 


Fioi  u  102 
Pig.  102  represents  a  square  frame  with  all  sides  identical  in  secti 

The  frame  i-  -ul ijeet <•<  1  to  a   Single  horizontal  force  /'  at    the  top,  an  . 

in  equilibrium  under  the  action  of  P  and  the  reactio  l>  and 

Since  there  an-  do  load-  exa - 1 >t  at  the  end-  of  the  members,  //  and  C 
of  Table  2  are  lero  for  all  members. 

Case  l.    Assume  horizontal  reactions  at  C  and  D  equal    From 

ecHiation-  407  and    Ids  of  Section    Is 
U  Ph 

U     —  i3 

m  /((•  — r 


Mcom    4 


M,>a=- 


VU 
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Shear  in  AD  = j =  If 

Likewise 

Shear  in  BC  =  ^P 

Shear  in  AB  =  ^P 

Shear  in  DC=^P 

Stress  in  AB  =  —  P  compression 

Stress  in  CD  =  0 

Stress  in  AD  =  —  P  tension 

Stress  in  BC  =  —P  compression 

Since  AB,  AD,  and  BC  have  the  same  sections,  the  same  lengths, 
and  are  subjected  to  axial  stresses  of  the  same  magnitudes,  A  h,  repre- 
ting  the  change  in  length  due  to  axial  stress,  is  the  same  for  all 
tnemh 

Referring  to  Fig.  102 

D       2A/i        P 
6   =~~AE 

Applying  the  equations  of  Table  1  gives 

MAn  =  2EK(2dA+6B-m3)         (719) 

-V,w,=  -2EK(2  dA  +  0„-3#i) (720) 

MBc=2EK(20B+0c-SR2)  (721) 
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MBC=-2EK(2d,l+dA-'M!j 

Mcd=ZEK{2Bc+Bd) 

MCD=-2EK(2$c+$B-3Rt) 

MDA=2BK{26D+6A-ZRi) 

MDA=-2EK(2$D+$C) 

For  Al)  and  BC  to  be  in  equilibrium 
-Mab+Mbc-MCd+Mda+PI=Q 

Combining  equations  71!)  to  727,  substituting  values 
and  R  .  and  solving  for  the  momenta  uiv. 


Mam- 


Ph  r\     3Xi 


Mn<  = 


JlHC 


Mr»  = 


Mn,  =  - 


-t'-s 


/'//  r.     :*A" 


9K 


\h 


1-f 


2  1< 


/'/, 


H 


2  Ah 


9K 


183 
722 
: 
724 

7_ 

; 

727 

728) 

7 

: 


In  these  ♦•(illations.——   represents  the   larj  rror  du 

</\ 
lectins  th<-  axial  deformation  in  the  members,  and  the  ,7  to  1 

represents  the  relative  error. 

lae  2.     Assume  horizontal  reaction  at  Conly.     Lf  the  horisontal 
reaction  ia  all  taken  at  I 

Otrcee  in  .1 B     .,  P  compn  ssion 

— 

Btreea  in  CD*  —  P  eompreaaion 

— 
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Stress  in  AD  =  —  P  tension 

Stress  in  BC  =  -~-P  compression 

Since  AB,  CD,  AD,  and  BC  have  the  same  sections,  the  same 
lengths,  and  are  subjected  to  axial  stresses  of  the  same  magnitude, 
Ah,  representing  the  change  in  length  due  to  axial  stress,  is  the  same  for 
all  members.     The  magnitude  of  Ah  is  given  by  the  expression 

a/       Ph 
M=2TE 

As  Ah  for  AB  equals  Ah  for  DC,  Ri  =  R2 

Since  AD  is  in  tension  and  BC  in  compression 

2Ah      P 


U 


I        AE 


Equations  719  to  727  are  applicable.     Combining  the  equations, 
substituting  the  values  of  the  R's  and  solving  for  the  moments  gives 

"-?('-  m) <™> 

»—?(-$)    ■  •■ «» 

«-?0+S) <™> 

»--  t('+S) w> 

In  these  equations  5-77   represents  the  error  due  to  neglecting  the 

deformation  in  the  members,  and  the  ratio  of  ^-r-r  to  1  represents 
relative  error. 
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1  omparing  Case  1  with  I         2,  it  is  apparent  that  the  error  due 
to  neglecting  the  axial  deformations  is  smaller  if  the  horuontaJ  reaction 

ifi  all  at  one  corner  than  if  half  of  it  com<  ich  of  the  lower  eorn 

The  maximum  relative  error,  I  -f—  •     Substituting  for  K 

its  value  -r-  the  expression  — —  becomes  — —  •  That  is,  the  error  due 

l  -Ah  _M/r 

to  neglecting  the  axial  deformation  in  a  square  frame  with  all  ri 
identical,  subjected  to  a  single  horizontal  i  >p,  varies  directly 

with  the  moments  of  inertia  of  the  Bection  of  the  members,  inversely 
with  the  ana  of  th<-  members,  and  inversely  with  the  Bquare  of  the 
length. 

Jf  for  <  lase  1  the  frame,  instead  of  being  square  a-  shown  in  Fig.  I 
i-  a  rectangle  twice  :t-  wide  a-  it  i-  high,  an. I  if  the  sections  of  all  memfo 
are  identical,  the  moments  in  the  frame  due  to  a  single  horizontal  force 
P  at  the  top  are 


-  — - 


■"'•■'•  -tI'ttt) 


in  which  //  and  A'  arc  for  the  vertical  members. 


15    A' 


The  maximum  relative  error  in  this  case  i-    - — r,   divided   by   I. 

1      1 

It  i-.  to  be  aoted  that  — -  •  the  coefficient  of  —  in  cq 

I  1 ' 

A 
less  than  -5-1  the  coefficient  ol   —    in  equation  7:»i      II 

frame-,  one  m  rectangle  twice  a-  wide  as  it  i-  high  with  :ill 

members  identical,  and  the  other  a  square  having  .ill  sides  id< 
with   the  vertical  sides  of  thi  >th  fran 
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single  horizontal  force  applied  at  the  top,  the  error  due  to  axial  deforma- 
tion is  less  for  the  rectangular  frame  than  it  is  for  the  square  frame. 

If  for  Case  1  the  frame,  instead  of  being  square  as  shown  in  Fig.  102, 
is  a  rectangle  twice  as  high  as  it  is  wide,  and  if  the  sections  of  all  members 
are  identical,  the  moments  in  the  frame  due  to  a  single  horizontal 
force  P  at  the  top  are 

_.         Ph/        51   K\  ,„,_, 

Ph/        51   K\  n.^ 


^=T(1+f  3X>        •     •      •      •      •    (742) 


,r  Phf*  ,    51  K  , 

¥w"-H1+izi»  (743) 


in  which  h  and  K  are  for  the  vertical  members. 

51    K 
The  maximum  relative  error  in  this  case  is  -7; — tt  divided  by  1. 

8    Ah  J 

51  K 

It  is  to  be  noted  that  —  >  the  coefficient  of  -j-r  in  equation  743,  is 

9  K 

than  -77-1  the  coefficient  of  -tt  in  equation  731.     Hence  for  two 
2  Ah        ^ 

frarru -.  one  a  rectangle  twice  as  high  as  it  is  wide  with  sections  of  all 
meml  era  identical,  and  the  other  a  square  having  all  sides  identical 
with  the  vertical  sides  of  the  rectangle,  and  both  frames  having  a  single 
horizontal  force  at  the  top,  the  error  due  to  axial  deformation  is  greater 
for  the  net  angular  frame  than  it  is  for  the  square  frame. 

Table  30  <iiv<s  the  errors  due  to  axial  deformations  in  a  number  of 

ogulax  frames.     The  largest  error  in  the  table   is   3.70   per  cent 

for  a  frame  10  feet  square  composed  of  27  in.-83  lb.-I-beams.     Although 

-  composed  of  members  having  sectional  areas  so  large  com- 

I  with  their  length  that  it  would  be  impracticable  to  provide  con- 

oectiong  strong  enough  to  develop  the  strength  of  the  members,  yet 

7  per  cent,  is  well  within  the  range  of  permissible  error. 

rteel  frames  of  the  proportions  common  in  engineering  structures 
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the  error  is  well  under  2  per  cent     For  concrete  frames  the  ratio 
—  is  much  lea  than  for  steel  frames,  and  the  error  due 

the  axial  deformations    is  spondingly   leas    for  concrete   frames 

than  for  steel  frames. 


i 

Error  in  Stresses  in  Rectangular  Frame*  Dm  to  N  rata  Axial 

l » 

l  ibj  angle  boruontal  force  at  the  top.    Hm  borisontal 

tion  at  the  bottom  it  equally  divided  between  tin-  two  lower  corners.      I 

Hon.-  of  all  members  <>f  a  frmm  lentical. 


me 

1  i  inn                      Ith 
Twice  Height 

T\>                :;|i 

-    tion 

Heighl 

an<l 

Width 

!  rrot 
per 

at 

Height 

Width 

1  llTOff 

•it 

II.  ight 

ith 

rot 

•it 

27'— 1—83  lb. 

15 
L0 

l  1 
70 

20 

15 

L0 

10 

77 
1 

40 

15 
10 

1  31 

24'— I- SO  lb. 

20 

15 

10 

l   24 

_■  BO 

20 
15 
10 

10 
20 

1    Q 

10 

15 
10 

20'— I— 05  lb. 

15 

10 

18 

1  ' 

20 
15 

1<» 

40 

71 
1    1 

40 

15 

in 

.17 

15'— I— 42  lb. 

20 
15 
10 

1    10 

15 
10 

to 
20 

■ 

in 

15 

in 

.10 

17 

12'— I— 31.5  1b. 

20 

15 

10 

18 

20 
15 
10 

40 
20 

15 
27 

61 

in 

15 
10 

11 

i  v      /  •,,   i    wmption  Uu     \  Z     ». — 

In  the  derivation  of   the  fundamental  pro  >ns  upon  which  I 

analyses  are  baa  d,  deflection  due  to  sin 
being  the  case,  /.'  in  the  equation!  Is  l  depends  upon  tfa 

deflection  only.     In  the  anal; 
of  the  two  vertical  membei  ken  equal.  Th 
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deflections  only  when  the  shearing  deformations  in  the  two  vertical 
members  are  equal.  (Axial  deformation  is  here  neglected.)  Likewise, 
in  considering  that  the  deflection  due  to  bending  for  the  top  of  the 
frame  is  zero,  the  shear  deflection  in  the  top  of  the  frame  is  neglected. 


Figure  103 

Fig.  103  represents  a  rectangular  frame  having  a  horizontal  force 
applied  at  the  top.     The  members  of  the  frame  are  subjected  to  shear 

as  follow.-: 


Shear  in  DA ,  S,)A  = 


Mda-Mab         Ph  ADA  +  AAn 


h 


h 


(744) 


r  in  AB,  Sab  = 


Mab-Mbc       Ph    Aad  +  ABC 


I 


I 


(745) 


Shear  in  /;r  &c=  -U'"7M™  =  ™  A^  +  ACD 

h  h  A 


(746) 


:«  in  CUtSth=   Ur„-M»A   =PhACD  +   ADA 

I  I  A 


(747) 
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In  these  equations  A^b,  Abc,  Acd,  and  Ad*  represent  I 
in  the  parenthea  quatione  101,  102,  #08,  and  MM 

respectively,  and  A  represente  the  common  < l«ii« )inin;t 

equation-. 

The  point-  I)  and  (  arial 

.-train  \a  i.  I. 

The  total  liorizontal  deflection  ol  A  equali   the   total  horizontal 
deflection  of  B.    These  deflections  are   i  ■  d, 

C  / 

The  shear  deflection  of  1>A  is  -77-3 —  and  the  shear  deflection  of  B( 

u  .1 

-775 — •    The  bending  deflection  of  DAt  ■>  .  1-  therefore  given 

«/.  1 

equation 

*-*-■%#■ > 

'f.ii 
and  the  bending  deflection  1  ibyth       .  tion 

d,  =  ,i-  p± : 

The  poinl  C  does  not  move  vertically  relatively  to  D,  but  tl 

a  -hear  Scu    which  producefl   a   shear  deflection   in   (  h  of   -   — - 

1 

therefore  there  must  be  an  equal  and  opposite  moment  d< 
llUjL  .    Similarly,  there  is  a  bending  >n  in  A  tt~  « 

Prom  t  he  preceding  equations 
h        h        OA 

ft  'J±   =    Hill 

I        0At 

/l        //        h       OA 

1        ' » .  1 
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Applying  the  equations  of  Table  1  gives 
2EK 


MDA  = 


n 


(29D+eA-SR,) (754) 


Mab=-BE  (2eA+dD-SR1) (755) 

n 

MAIi  =  2EK(2dA+eB-3R2) (756) 

Mnc=  -2EK(2dB+dA-3R2) (757) 


Mbc  = 


2EK 


{2dB+dc-SRz) •     (758) 


MCD=-—(20c+6B-ZRi) (759) 

s 


2EK 

Mcd=  — z~~  (2^0+^  —  3/^4) 


M  DA  —  — 


V 

2EK 
V 


(760) 


(20z>+0c-3ff4) (761) 


For  AD  and  BC  to  be  in  equilibrium 
MDA-MAB+MBc-McD+Ph=0  . 


(762) 


Substituting  the  values  of  the  shears  from  equations  744,  745, 
746,  and  747  in  equations  750,  751,  752,  and  753,  substituting  the 
resulting  values  of  the  R's  in  equations  754  to  761,  combining  the 
resulting  equations  and  762,  and  solving  for  the  moments  gives 


M  m>    when    shearing  strain  is 
neglected,  a   positive  quantity 
•  •quation  401,  section  48).  _ 


+ 


■QPK  E 

A2  G 


BabD  +  0AbQ 

,      .      .     (763) 


[ 


M fir    when  shearing    strain    is 
neglected,  a  negative  quantity 
<-quation    102,  section  48). _ 


r6PK  E_ 

I.  A2    °. 


BbcD-ObcQ] 

.      .      (764) 


MCD  = 


ANALYSIS   OF    STATICALLY    [NDETEBIONATE    9TBU<  191 

~MLr>    when   shearing  -train   i~~ 


MDA  = 


neglected,   a   positive  quantitj 
9i  e  equation   L03,  91  ction   Is  . 


'Mda    when  shearing    -train  \a 
lected,  a   negative  quantity 

('(Hiation   lot.  section   Is 


A-     G 


■       ~ 


"*['  °  ■ 


in  which 

Bab9* 6fw-H>p«+2pn-hpM  2       >— j 

ZJ«t-  =  6*m  4-  5pw  +  2pa  +  //-'  —       J   f-p 

BCd  ="-'••     •  5  ■   •  2 .  »i  4-  p  —  pi   ■  2  +■ 1 
8 .  i     61     •  5      p    hp+2pn  -|-2fl  4-1 

0     =j  w-pfi+«H-5j       2    ■  J    ■ 
0        j   w+5pn-p»+n,+2n+6p+2 

0      -  j  !<<-*  2j     •  5n+6p+nf+2pfi 

0   1  =  y '  «■  -  2ps  -f  5« + 6p  4-  n  a  4-  2pn  - 
LI1W+U1  12         2  p»+3pa 


/;  = 


i 


(l.v/r-'4-2/r4-  Uni*s+  \i)pn+\\m  4-  r2/>.s+2H+3/>4-2/r/>  +2np»  4-3/> 

l 

/  w  4-  3  ;<.s-  4-  2.s-  +  1 1  /'*  4- 1 1  pn  4-  2*  4- ' 
AA 


Q  = 


\2ns+  \i)nps  +  :\Hs:+  1  l/>x+  1 1/m +2*sp  +  2 

1 

A-  22  <*+*-f 


L92 
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If  the  members  AB  and  CD  are  identical,  equations  763,  764,  765, 
and  766  reduce  to  the  form 

Mab—Mab  when  shearing  deformation  is  neglected  (positive 

quantity) +k (767) 

Mac— Mac  when  shearing  deformation  is  neglected  (nega- 
tive quantity)  +k (768) 

M cd  =  Men  when  shearing  deformation  is  neglected  (positive 

quantity) -A; (769) 

M da  =  M da  when  shearing  deformation  is  neglected  (nega- 
tive quantity)  —  k (770) 

in  which 

E_        PK       /s+3  _  n+3\ 
G    (n+s+6)2  \  Ai     "    A3   J 


k  =  6 


If  the  members  AB  and  CD  are  identical,  and  if  DA  and  BC  are 
also  identical  but  not  necessarily  identical  with  AB  and  CD,  k  of  equa- 
tions 767  to  770  is  zero,  showing  that  for  a  rectangular  frame  with 
opposite  sides  identical  the  shearing  deformation  does  not  affect  the 
moment  in  the  frame. 

The  error  due  to  shearing  deformation  in  a  number  of  frames  is 
given  in  Table  31. 


Figure  104 
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69.  Effect  of  Slip  in  the  Connections  upon  the  Moments  in  a  Rec- 
tangular Frame  Having  a  Single  Horizontal  Force  at  the  Top. — Fig.  104 
represents  a  rectangular  frame  having  a  single  horizontal  force  applied 
at  the  top.  The  sections  of  opposite  sides  of  the  frame  are  identical. 
The  connections  at  the  corners  of  the  frame  slip. 

The  changes  in  the  slopes  at  the  ends  of  the  member  AB  are  repre- 
sented by  6 A  at  .4  and  0B  at  B;  likewise  for  the  member  CD  the  change 
in  slope  at  C  is  represented  by  dc  and  at  D  by  6D;  for  the  member  AD 
the  change  in  slope  at  A  is  represented  by  6E  and  at  D  by  6H;  and  for 
the  member  BC  the  change  in  slope  at  B  is  represented  by  6F  and  at  C 
by  6G.  That  is:  slip  at  A  equals  dE-6A;  slip  at  B  equals  dF~6B',  slip 
at  C  equals  6G-0c)  and  slip  at  D  equals  BH-0D. 

j  IK 

Represent  y  for  AB  and  CD  by  K,  and  y  for  AD  and  BC  by 

i  1/  lb 

Applying  equation  A,  Table  1,  and  equating  the  sum  of  the  moments 
at  each  of  the  points  A,  B,  C,  and  D  to  zero  and  also  equating  the  sums 
of  the  moments  at  the  ends  of  the  two  members  AD  and  BC  to  —Ph 
gives 

2EK(2dA+dli)+^^(2dE+dH-SR)=0 (771) 

ft 


2EK(2OB+OA)  +  ^^(2dF+0a-3R)=Q ,    (772) 


2EK(2dc+dD)  +  ^^(2dG+dF-3R)=0 (773) 

n 


2EK(2dD+dc)  +  —  (2dH+dE-ZR)=0 (774) 

ft 

2FK 

(2dE+dH-SR+2dJf  +  6s-3R+2eF+eG-3R+2d0+eP 

-ZR)+Ph=0 (775) 

Letting  A  represent  the  quantity,  slip  at  A  divided  by  R,  likewise 
letting  B,  C,  and  D  represent  the  corresponding  quantities  at  the  points 
B}  C,  and  D,  respectively,  gives 

It       I! 
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R      R 


p  _  &G        Q< 

L  ~  H      T 


D  —  fhi.    ®" 

~  R       R 


Substituting  the  vain.  M,l  ol{  from  \\, 

in  the  preceding  equations  \ 

20.x  (  \  ,   dlt       On         1   /  i 

20a/         \  ,  BA  ,  0c       1  / 

arO+V*!  ^-2B-Cj  777 

20c/        \  ,  0d  ,  BB       1  /  \ 

sfO+^J        nip  /;)  : 

fi  ■  ,  7(:;    2D  : 


Phn 

2EKI1 


Thesi  five  equations  contain  four  unknown  anj 
deflection*    Solving  these  equations  and  substituting    tl 
and  R  iii  the  expressions  for  I h< 

u       !  PA 

.1/ 


I      A+B+C+D 

:/>'  — '.M-f  /■   i''  i  •  •'■/;  J  i<    •  ■'•<■ 

n  •  l 

781 
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„         1  Ph 

MDA  =  — 


3     ^-(A+B+C+D) 
(6£+3C-9)+?z(16£>+5C+4£+5,4--30)+n2(6D+3A-9) 

(n+3)  (3n+l) 

(782) 


1  Pft 


3     4-(A+#+C+Z)) 
(6ff+3,4-9)+n(16#+5JL+4D+5C-30)+n2(6ff+3C— 9) 

(n+3)  (3n+l) 

(783) 


,M  1  Ph 


3    4-(.4+J3+C+D) 
(6C+3D-9)+tt(16C+5£+4.4+5i?--30)+n2(6(7+3ff-9) 

(n+3)  (3n+l) 
(784) 


ft     ft     ft  ft 

The  values  of  -~-j  — >  -^-j  and  —=.    determined  from  equations   776 
it     K     tC  ti 

to  779  substituted  in  equation  780  gives 

lPh(n+l)l 

.      .      .    (785) 


R=  ^ 


,    1  Ph(n+iy 
(RA+RB+RC+RD)  +  -jt      EK 


in  which  /i/l,  #J5,  7£C,  and  .RZ)  represent  the  slips  in  the  connections 
a1  A,  li.  (',  and  7J  respectively.  If  the  slips  are  measured,  R  may  be 
computed  from  equation  786.  Knowing  R  and  the  slips,  the  values  of 
.1 .  B,  C,  and  />  may  be  computed.  Substituting  the  values  of  A,  B,  C, 
and  /v  in  equations  781  to  784,  the  moments  in  a  frame  having •  connec- 
tions which  are  not  rigid  may  be  determined. 

I:  there  is  no  slip  in  the  connections  the  moment  at  each  corner 
of  the  frame  of  Fig.  104  is  -  j^Ph.     The  differences  between  -%Ph 
I  the  moments  given  by  equations  781,  782,  783,  and  784  represent 
the  effect  of  the  slip  in  the  connections. 
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If  -1.  />.  (',  and  Ik  of  equations  781  to  784  inclusive,  are  equal  to 
each  other:  thai  is,  if  the  Blips  in  all  the  connections  of  the  n  -  dar 
frame  represented  by  Fig.  104  are  equal,  equations  781   to  784  reduce 

to  the  form 


MAD=-±-Ph 

4 


-»/  [>A  — 


-T" 


Mnc=--Ph 


(781 
782 
78 


Ur/(=--} 


78 


That  is,  if  the  alipe  in  all  the  connectiona  of  U 

shown  in  Fig.  I'M*  an-  equal,  the  stresses  in  the  frame  are  '1m-  sain. 
they  an-  in  a  similar  frame  having  connections  which  an-  perfectly 


» 


/'"""  •  J 


HD 


[•'iGUKI     I  Of) 


• 


To  illustrate  the  magnitude  of  th<  -lip  in  th< 

upon  the  stresses  in  a  rectangular  train*   consider  tl 
by  Fig.   106.     I  Equations  781 .  7^_'    / 
Substituting  the  val-.         I  be  quantit 
781  to  785  -; 

•   ■ 
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MAd= 3,030,000  in.  11). 
MDA= 3,240,000  in.  lb. 
AfBC= 3,050,000  in.  lb. 
AfCB= 3,300,000  in.  lb. 

If  there  is  no  slip  in  the  connections,  each  of  these  moments  is 
3,150,000  in.  lb.  The  errors  in  the  moments  due  to  neglecting  the  slip 
in  the  connections  are  as  follows: 

MAD,  error  =  —3.8  per  cent 
Mda,  error  =  +3.0  per  cent 
Mad  error  =  —3.0  per  cent 
Mcb,  error  =+4.6  per  cent 

For  a  given  slip,  the  error  due  to  slip  is  greater  for  a  frame  having 
short  stiff  members  than  it  is  for  a  frame  having  long  flexible  members. 
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Mil.     Ni  icerk  al  Problems 

The  following  aumerical  problems  illustrate  th< 
w  hich  have  been  derived. 

7<».     G    "•  r  //'   !'r<ntn  >/  id  (h<    Ei  -  I  / 

.1'  v  S>/.<tnrt  of  Vertical  Loads.-    Fig.  106  repress  12  in.  31.5  ib.  I- 

beam  embedded  in  masonry  at  I »< > t } i  ends.     B  upheaval  by 

frost,  or  other  causes,  the  beam  which  was  originally  horisontal  n 
has  <»n«-  cud  higher  than  the  other  ami  the  tang 
curve  of  the  beam  at  the  ends  are  inclined  to  the  horisontal.  am 

carries  a  concentrated  l<>a<l  and  a  uniform  l<>a<l  a-  shown.     [\    srequ 
t<»  find  the  bending  moments  in  the  beam. 


in-, 

Equation  tion  13,  are  applicable.     I 

•  11..  per  sq.  in. 

(In  ■  .7.")  inch  0A  —  -r  005 

7  =  215.8  m.1  0,,  =  -> 


R   .    0O416 


K 


180 


1.2  in.1 


I  rom  Table  2,  ( '  m  for  a  single  cona  i 

— —  in  which 

ins  in. 
h=    72  in. 

/'       JIKMllh. 

in.  lb. 
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Also  from  Table  2,  CAb  for  a  uniform  load  over  a  portion  of  the 
10 


span  is 


12/- 


«H4/  -  M)  -  ¥  (4/  -  36)  J     in  which. 


(/  =  120in. 
6=  72  in. 

?c  =  400  lb.  per  ft.  =  "Trr10-  per  in. 

^r^\4/-3^)-63(4/-36)l  =37,200  in.  lb. 

Total  Or  =  37,200+34,560  =  71,760  in.  lb. 

Substituting  the  values  of  the  constants  in  equation  25,  section  13, 
gives 

M AB=  -826,300  in.  lb. 

From  Table  2,  Cba  for  the  concentrated  load  is  52,000  in.  lb.,  and 
(  'ha  for  the  uniform  load  is  32,700  in.  lb. 

Total  CBA  =  52,000+32,700  =  84,700  in.  lb. 

Substituting  the  values  of  the  constants  in  equation  26,  section  13, 
gives 

.V^=-l;606,300in.  lb. 

It  is  to  be  noted  in  the  solution  of  this  problem,  in  solving  for  both 
Mab  and  MBa,  that  6A  and  R  are  both  positive  whereas  6B  is  negative. 
The  minus  sign,  moreover,  is  used  before  CAb  and  the  plus  sign  is  used 
before  Cba-  The  signs  are  in  accordance  with  the  conventional  method 
of  fixing  signs  given  at  the  bottom  of  Table  1. 

If  the  supports  had  been  on  the  same  level  and  if  the  tangents  to 
the  elastic  curves  at  the  ends  of  the  beams  had  been  horizontal,  the 
moments  would  have  been  given  by  the  equations  of  section  11.  Using 
the  same  values  of  CAb  and  Cba  as  before 

MAb=-  Cab  =-71,760  in.  lb. 

Mba  =  +CnA  =  +84,700  in.  lb. 

71.  Girder  Continuous  over  Four  Supports.  Supports  on  Different 
Level*.  Any  System  of  Vertical  Loads. — Fig.  107  represents  a  20  in.- 
80  lb.  I-beam  supported  on  four  supports  and  having  hinged  ends. 
The  supporte  are  all  on  different  levels.  It  is  required  to  find  the 
moments  in  the  girder. 
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ttmm. 


77k  ' 


/: 


- — 


- 


I'l-.t  1:1.    Hi7 

!  quatiom         Table  6,  are  applicable. 

I0  =  Ii^  I  in  '  /.'    30,000,000  .  q.  in. 


Io  =  2\0  in. 
li=216  in. 
f,  =  192  in. 

1  166 


240 


=6.10  in 


fCi=-^rr-=6.79  m. 

I  1  < » 


/-  l466        -,-i 

A        Too       ' 


6.79 

"•"Oo~L11 


1     IOC 

rh=  tt^t   -  1.125 


0 

<li,  =  2  in. 
1  in. 

'//,  = .")  in. 

From  Tab 

1  11 


—  3 


in  •  240 


(2X240-111  ) 


// 


. 


-127,000  in.  lh. 

5000X144: 

216 

lb. 

Ill-  72  216  -Ml 


II.. 


S  ibetituting  t  beee  \  aim  s  in  < 

MBi      1,071,500  in.  lb. 
1,987  500  in.  II.. 
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If  the  supports  had  all  been  on  the  same  level,  the  moments  would 
have  been 

Mnc=-^jm  in.  lb. 
Mcn=  -227,500  in.  lb. 

72.  Girder  Continuous  over  Five  Supports.  Supports  on  Different 
Levels.  Any  System  of  Vertical  Loads.  Ends  of  Girder  Restrained.— 
Fig.  108  represents  a  girder  continuous  over  five  supports.  All  the  sup- 
ports are  on  different  levels  and  the  girder  is  restrained  at  the  ends. 
The  slopes  of  the  elastic  curve  at  the  ends  are  known.  It  is  required 
to  determine  the  moments  in  the  girder  in  terms  of  I,  the  moment  of 
inertia  of  the  girder. 


Figure  108 


The  solution  of  the  problem  involves  writing  the  equations  of  three 
moments  and  solving  these  equations  for  the  moments. 

(  ases  (a),  (d),  and  (e),  Table  4,  and  the  equations  of  Table  2  are  ap- 
plicable 


K.= 


12X12  144 


in.'J    »x=  ^~-  =  ~  =   800    l0=  12X12  =  144  in. 
A.o         5 


Ki  = 


12/ If,  180 


in.3    ib-^L^H  =1.875   Zi  =  12X15  =  180  in. 

Ai  8 


Ki-     ,o-,c.        -tttt  in.8       n3  =  -91  =  t-  =  .800    l2=  12x8  =  96  in. 


3     ■-        K*        4 


12/8  9(3 


K2        5 


K.= 


/     . 


12/10  120 


in.- 


£3  =  12X10  =  120  in. 
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<k  =  2.5  in.       dB-dA=2.&-2.5       •  0.3  in.      0A=+.Ol 
d«  =  2.8in.      dt  -dB=3  2  in.    fc-  -.< 

dc=3.0in.       4>-<*c=3.1-3.0      M>.1  in.    £  Ilb.per8q.iii 

dx>=3.1  in.       rf,-dD=3.0-3.]  .  -o.i  in. 
d,f=3.0  in. 

.~>( K M )  ■  .-,,■  7  ■    lit  ■   1_>     ,      lifiMMl.  H.  _'  ■    Ml    -  H»> 

2X144  8X114 

=  -  L83 in.  II.. 

//  r>nn{)  ■  •"'"•  I"  ■  1-         12000   /,  . .      .A/,     ,  ,, 

//,=   f  |        1}(.H     64  ,._       -I     HI- 

=  190  700  in.  lb. 

KK  )(>()•  sy7  12         1-JiNNi 

//       •=    owoo- 1 C""  '   III.    lb. 

„        i(HMM)xsx7x2axrj      12000  ..ux.    n 

H      =   oy-w-- + — u — X225  =  6i         I  in.  lb. 


II 


8X04 

120(H) 
8X04 


—  X  (<•!     :'»''  )  (  2     64     36     •'!  )      18  WO  in.  lb. 


(    |   )  (  2     64      I  \      11,600  in.  lb. 


10000  15       12  ,. 

/7/"  ~ .)Xhh) 00  in.  lb. 

Hed=    ^ n.  lh. 

ibetituting  the  values  of   tl  |uantitioa  in  I 

Table  i  \ 

I  mm  equation   d 

I  M        2.0  M{  D     1030  / 
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From  equation  (a) 

L.875MBC -  +  5.75  MCd+Mdb  =  130  7-2,593,000       .      .      .    (787) 

From  equation  (e) 

1.6  3fCD+6.2Mi>jr=3900  1-487,100 (788) 

From  equations  786,  787,  and  788 

Mdm  =  (672  7+9,500)  in.  lb. 

Mcd=  -(166  7+341,000)  in.  lb. 

Mbc=(213  7-358,000)  in.  lb. 


Substituting  the  values  of  MBc  and  MCd  in  equation  (a)  of  Table  4 


gives 


J/^  =  (467  7+18,750)  in.  lb. 
A  l-o  from  equation  (a)  of  Table  4 

MED=  -(5307-193,400)  in.  lb. 


7 

L  jo 


10.000 lb.    per  ft.  10,0001b.    per  ft. 

Figure  109 

Two-legged   /Octangular  Bent  with   Legs  Fixed  at  the  Bases. 
d  Loading  Symmetrical  about  a  Vertical  Center  Line. —  Fig.  109 
repn  a  two-legged  rectangular  bent  with  legs  fixed  at  the  bases. 

Both  leg  ibjected  to  hydrostatic  pressure.     The  bent  and  loading 

trical  about  a  vertical  center  line.     It  is  required  to  deter- 
mine the  moment-  in  the  frame. 
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Equationfi  126  and  127,  section  25,  are  appl 

141   - 


KiorAB       240 


;<  = 


X  for  AD      841.8 

1H-J 


!_' 


In  .in  Tabl 

=    .,    ,    •.")/-.;>'    in  which 

Wa 
CDA  -lOot+10 

H,„io!owxio_600 , 

a  =  120  inches 
J- 192  inc! 
C^-391,000  in.  II). 

-964,400  in.  lb. 

i)  (2 
Mab-  MBc=  -{^yr-.,/  391,000-  -67,900  in.  II.. 

McB^-Mi  ,     n  g-j  ,  <391, •  984  !<><»     1,146  u  lb. 


-,   .. 

/:  .» 

•    Mmh 

ir  ~*i 

I 

A 

J 

- 

*- 

l 

J 

> 

•* 

■» 

— 

4 

4 

i  _. 

- 

n* 

*i 

I  l-.l  K».     1  10 


7  1.     7'"  ■  •-'<  ■  ;-;<  d  Hi  dangii  One  Leg  I 

Iraled  II  I  wd  <//  •■  BotM. — 
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Fig.  110  represents  a  reet angular  bent  having  one  leg  longer  than  the 
other.  There  is  a  horizontal  force  of  20,000  lb.  applied  at  the  top. 
The  bases  of  the  legs  are  fixed.     It  is  required  to  determine  the  moments 

in  the  bent. 

Equations  252,  253,  254,  and  255,  section  33,  are  applicable. 

P  =  20,000  lb. 
/  =  240  inches 
h  =  240  inches 
240  7 

K  for  AB=^^-  =  0.90  in.3 
240 

441  R 
A'  for  AD  =  -^£-=1.84  in.3 
240 

C41  c 

Kfor£C=+^-=2.34ins 
360 

KiovAB     ... 

n  =  Y7-c 77S  =  0-49 

K  for  AD 

KiovAB 

s=kJoTbc=0™° 

Ae  =  2(3X.49X.385X.385+4X.49X.385+.385X.385+.385+3 

X.49  X.385  X. 667 +3  X.49  X.49  X.385  X  .667  X. 667+  .49 
X  .49  X  .667  X  .667+ .49  X  .667  X  .667+4  X  .49  X  .385  X  .667 
X. 667)  =5.334 

Substituting  the  values  of  the  quantities  in  equations  252,  253. 
_i   and  255,  of  section  33,  gives 

MAB= 1,100,000  in.  lb. 

MBA =958,000  in.  lb. 

MDA  =  -1,950,000  in.  lb. 

Mi  ,.,-  -1,664,000  in.  11). 
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75.     T  o-legged    Redo       '       B  -  U  of    1  ..— 

1  g.  Ill  represents  a  rectangular  portal.    Due  to  upheaval  i 
or  other  causes  the  foundation  originally  at  <  '  m 
right.  Bettlefl  3  inches,  and  turn-  r  gative  direction  an  <»l 

radian-.     It  is  required  to  determine  the  momei 

& H 


1 
1 1 1 

Equation*  204,  205,  206    u  I  207  II,  are  applicable, 

1-240  in. 
h  =  4s()  incl 


..     •JQ.(KX) 

*=-w=s83-4uL 


K  for  .1//      - 

A  for    \  I  >      b 


0C=-.(H 


eD^  o 

-/     2  ini 

/  0  lb.  per  iq.  in 
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Mab =2,502,000,000     [0.000816-0.001461-0.000831] 
=  -3,700,000  in.  lb. 

MBC  =  2,502,000,000     [0.000816-0.001481+0.000831] 
=  +470,000  in.  lb. 

MCB  =  2,502,000,000     [0.000877  -  0.003255  -  0.00083 1] 
=  -8,040,000  in.  lb. 

MDA=  -2,502,000,000     [0.000877-0.003255+0.000831] 
=  +3,875,000  in.  lb. 


300" 


Figure  112 

76.  Three-legged  Bent.  Lengths  of  All  Legs  Different.  Loads  on 
Top  and  Settlement  of  Foundations. — Fig.  112  represents  a  three-legged 
bent  having  vertical  loads  on  top.  The  legs  are  restrained  at  the  bases. 
Due  to  upheaval  by  frost  or  other  causes  the  foundation  at  D  has 
rotated  in  a  positive  direction  through  an  angle  of  0.01  radians.  Like- 
wise the  foundations  at  C  and  E  have  rotated  in  a  negative  direction 
through  an  angle  0.01.  The  foundation,  originally  at  C,  has  moved, 
moreover,  to  the  right  1  inch  and  has  settled  3  inches.  Likewise  the 
foundation,  originally  at  E'f  has  moved  to  the  right  2  inches  and  has 
btled  1  inch.     It  is  required  to  determine  the  moments  in  the  frame. 
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The  equations  of  Table  21  are  applicable.     -  hori- 

zontal loads  on  the  legs  d<  rnal  couples  at  tl 

and  XII   will  i ii >t  enter. 

The  total  right-hand  memh  the  equ  2]  will 

tin  be  the  algebraic  sum  of  the  right-hand  membei 

VII,  Case  \  III.  and  <         a. 

in.  ?#«60in.< 

=300  in.  /i-120  in.1 

/m  =  4()0  in.  /.  =  !>(>  in.4 

li=200in.  /      I20in.4 

f,=300in.  /      200  in.4 
K     0.30  in.  in.  lb. 

A,  =  U.iin  in.  ,      !,«.._  ;M.  \}K 

K  -0.30  in.3  |    „  .  1,410,000  in.  lb. 

K      0.40  in.  L,»  in.  lb. 

A  .  -    ().-"()   :  fi       -I .'MM)  lb.    pi  !1. 

6diJg  ■  3  •  0.6     |1(  _,  .    .,  A"  9D 

-7T"  =  "^oo- "0054ia 

A"  i. 

M-A-2   _  OXIXM    nnftfl  . 

~TT  "      :*ou      ~(,M    '"  A" 

.  - '/,  A" 3  =  6X(-2)X0. 1 
I,  =         300 

=  -0.016  in.3 

M4K4  :»     (llll. 

H^"- Ho       0015uL 

Substituting  the  valu<  •■  quantities  in  * 

Table  23  gives  equations  1  tod  I  ol   I 

in  the  equations  oi  Tabl<   32  thai  the  quai  1  lings 

VII  and  VIII  ai  3  l . 

1  ■ 

..  and  l  by  the  tnetho  I  of  eliminat  ioi 


d=   y    [    1"  lOO]      I     1.1 
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eF  =  4; 


238,155-797,034]  -0.00470G2 
6n=  jt\-  608,835+ 1,039,263"]  +0.0061134 


[l,  126,370-  395,7271  +0.014278 


1 
E 


Substituting  these  values  of  the  0's  and  d  in  the  equations  of 
Table  21  gives  the  moments  in  the  frame.  The  moments  are  itemized 
and  presented  in  Table  33. 


Table  32 
Equations  for  the  Three-legged  Bent  of  Fig.  112 


Left-hand  Member  of  Equation 

Right-hand  Member  of 
Equation 

No.  of 

Equation 

6a 

Ob 

eF 

d 

Case  VII 
Coeffi- 
cients 
,  100 

of  T 

Case  VIII 
Coeffi- 
cients 
,  100 

0f   ~E 

Case  XI 

1 

ixiooo 

3.6 
1.2 
0 
1.5 

1.2 

5.2 

.8 
1.0 

0 

.80 
3.60 
1.25 

-  . 0090 
-.0060 
-.0075 
-.02792 

+28800 
-19200 

0 

0 

0 

+44100 
-18900 
0 

. 04800 

. 03800 

-.02100 

-.01167 

i 

2 

+  1.0 
+  1.0 

0 
+  1.0 

+    .3333 
+4.3333 

+    .6667 

0 
+    .6667 

+   .8333 

-.002500 
-.005000 

-.018611 

+  8000 
-16000 

0 

0 
+36750 

0 

+  .013333 
+  .031667 

-.007777 

2-l)=a 
2- 

(J 

+4.0000 
+3.6667 

+    .6667 
-    .1667 

- . 002500 
+  .013611 

-24000 
-16000 

+36750 
+36750 

+  .018333 
+  .039444 

a 
b 

+  1.0 

•  1   i) 

+  1.0 

+  .166667 
-.045454 
+4.500000 

-.000625 
+  .003712 
-  . 009375 

-6000 
-4363.63 
0 

+  9187.5 
+  10022.7 
-23625.0 

+  .004583 
+  .010757 
-.026250 

0 
0 

+4.333333 
+4.545454 

-.008750 
-.013087 

+6000 
+4363.63 

-32812.5 
-33647.7 

-.030833 
-.037007 

d 

+  1.0 
+  1.0 

-.0020192 

- . 0028792 

+  1384.61 
+  960.00 

-7572.11 
-7402.50 

-.0071154 
-.0081415 

e 

0 

+ . 0008000 
+  1.0 

+424.61 
+493733 

-169.61 
-197221 

+  .0010261 
+1.19314 
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M<>\ih\  i-  is  Thbbi  1  \2 
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XIV.     Conclusions 

Some  outstanding  features  of  the  use  of  the  slope-deflection  equa- 
tions, as  brought  out  by  the  analysis  in  Part  II,  may  well  be  emphasized. 

Two  general  methods  of  using  the  equations  have  been  illustrated. 
In  one  case,  after  the  equations  have  been  written  for  each  member  of 
a  frame,  by  equating  the  sum  of  the  moments  at  each  joint  to  zero  and 
employing  one  equation  of  statics,  a  number  of  equations  is  obtained 
which  contain  values  of  6  and  R  as  the  only  unknowns.  From  these 
equations  can  be  found  values  of  6  and  R,  which,  when  substituted  in 
the  original  slope-deflection  equations,  give  values  of  the  various 
moments.  This  method  applies  especially  well  to  a  frame  in  which 
a  large  number  of  members  meet  at  each  joint.  Such  a  problem  is 
generally  best  solved  in  numerical  terms.  Examples  of  this  method 
are  found  in  sections  23,  61,  64,  and  65. 

The  procedure  in  the  other  case  is  more  direct.  The  slope-deflec- 
tion equations  for  each  member  may  be  combined  to  eliminate  values 
of  0  and  R,  leaving  equations  involving  the  unknown  moments,  the 
properties  of  the  members,  and  the  given  loading  of  the  frame.  These 
equations  may  be  solved  directly  for  the  moments.  Examples  of  this 
method  are  found  in  sections  24,  35,  and  49. 

Special  attention  is  called  to  the  form  of  the  equations,  which 
are  independent  of  the  magnitude  and  location  of  the  individual  loads, 
except  as  the  magnitude  and  location  of  such  loads  influence  the  numer- 
ical values  of  the  quantities  C  and  H  of  the  equations.  The  quantities 
md  H  are  determinate  and  their  numerical  values  may  be  readily 
found  for  any  known  system  of  loads. 

It  is  well  to  note  also  that  the  treatment  of  continuous  girders  for 
which  the  supports  are  not  on  the  same  level  is  comparatively  simple. 
This  pari  of  the  work  is  of  considerable  value  inasmuch  as  it  permits 
the  determination  of  the  effect  of  the  settlement  of  supports.  The 
'Hi  of  the  settlement  of  foundations  for  two-legged  bents  is  of 
equal  importance. 

Advantages  of  the  slope-deflection  equations  which  are  worthy  of 
appreciation  arc: 

(\)     The  general  form  of  the  fundamental  equation  is  easily 

memorized,  and  the  equations  may  be  written  for  all  members  of 

a  structure  with  little  effort.     The  value  of  the  quantities  C  or  H 
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for  loaded  members  may  be  calculated  by  reference  to  T 
and  3.     It  is  frequently  possible  to  simplify  the  equations  thr 

noting  where  val  . 
condition-  of  the  problem. 

(2)     No  integrations  need  be  performed  except  pussibh 
find  values  of  (   or  //.  and  there  if  little  danger  of  the  omisc 
the*  »i  a single  mdeterminate  quantit  in  methods 

involving  the  work  of  internal  forces  or  moments. 

(3s)    The  physical  conception  of  a  problem  is  easier  than  in  the 
where  differentiation  or  integration  is  performed.     When  the 
slopes  and  deflection  letermined,  i1  the 

approximate  Bhape  of  the  elastic  cur  member,  win 

expression  involving  the  work  of  an  indeterminai  or  moment 

may  have  little  physical  meaning.     N.ith.r  dors  the  metho 
cutting  a  member  and  equating  i  >r  the  linear  and 

angular  movement  of  the  adjoining  ends  _  an  ids 

the  actual  deformation.  To  one  unfainiliar  with  Buch  a  method, 
the  determination  of  the  sigD  of  the  movement  of  the  ends  of  the 
meml»er  cut  is  also  more  or  less  difficult. 

I      It  i-  shown  in  section! 
axial  and  shearing  deformations  and  of  dip  <>t"  joints  n  cal- 

culated by  the  use  of  the  slope-deflection  equations.     This 

complete  treatment  of  any  problem,  though  it  is  shown 

that  it  is  -eldom  necessary  to  mak-  >f  such  refinement 

analysis. 

The  use  of  the  quantity  K  for  "r~of  b  mei  ind  also 

of  quantity  and  p  R  mrmb 

is  oi  help  in  writing  equations  in  a  w«»rkal 

raint  factor  .V  is  also  useful  in  simplifying  both  anal) 
tinal  equations 

i.       Although    the    tad    ha-    n«»t    been     hro  it    in 

bulletin,  these  equations  ma>  be  applied  t«>  man} 
composed  <»i  n  ilar  mut-.     The  d«  >■ 

-treses  in  bridge  tru-  n  examj)l(  !>een 

in  print  f(        'iic  1 1 1 ■  i *  ,    With  1  J  and  i  Mies, 

must  I"-  taken  in  the  use  <>t  I  be  term  h 
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(7)  While  the  method  is  readily  applicable  to  all  the 
problems  solved  in  this  bulletin,  its  advantage  over  other  methods 
is  seen  when  applied  to  structures  which  are  statically  indeterminate 
to  a  high  degree  and  in  which  a  number  of  members  meets  at  each 
joint. 

The  use  of  statically  indeterminate  structures  in  recent  years  has 
grown  rapidly  and  many  new  types  of  structures  have  been  evolved. 
With  the  use  of  riveted  connections  in  steel  frames  and  the  develop- 
ment of  monolithic  reinforced  concrete  structures  of  all  sorts,  it  often 
happens  that  statically  indeterminate  stresses  cannot  be  avoided.  On 
the  other  hand,  structures  are  frequently  made  of  an  indeterminate 
type  for  the  purpose  of  securing  economy  of  material.  Rational 
methods  of  design  will  do  much  to  inspire  confidence  in  the  reliability 
and  economy  of  such  structures,  thus  insuring  their  more  widespread 
use. 

It  is  felt  that  the  treatment  of  statically  indeterminate  structures 
given  in  this  bulletin  will  be  helpful  in  giving  information  regarding 
such  structures.  The  method  has  been  explained  in  sufficient  detail 
to  enable  the  designing  engineer  to  use  it  in  the  solution  of  his  particular 
problems.  It  is  believed  that  the  fundamental  principles  can  be  quickly 
j*  ordinated  with  the  ordinary  principles  of  mechanics  so  that  the  more 
complex  problems  and  even  the  simpler  ones  may  be  studied  from  a  new 
viewpoint 
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THE  ORIFICE  A>  A  MEANS  0]    MEAS1  RING 
KI.OW  OF  WATER  THBOUGH  A  PIPE 


I.    Intbodi 

1.     Scope  of  Bulletin. — In  this  bulletin  a  n  the  result*  of 

tests  made  to  determine  the  practicability  of  measuring  the  flow  of 
water  by  means  of  the  thin-plate  circular  orifice  in-  in  a  pi] 

to  determine  the  experimental  coeffiei-nTs  for  calculating  the  velocity 
of  the  flow  in  the  pipe  and  the  discharge,  and  t<  nine  the  t 

ditions  most  favorable  to  the  use  of  inch  an  orifice 
device.    An  orifice  thus  inserted  causes  an  abrupt  ci 
ditions  of  flow  as  the  stream  approaches  and  passes  through  t: 
fice  and  this  change  in  the  conditions  of  flow  is  accompanied  I  . 
considerable  change  in  pressure  head  which  may  be  readily 
and  which  variv>   with  tie  'ty  of  flow  in  th  flee 

•rted  in  a  pipe  line  is  looked  upon  more 
or  field  device  for  measuring  the  flow  of  water  throuj 
inexpensive,  simple  to  construct,  light  in  weight,  and  to  install. 

There   may  be  opportunit  I    dm    in    permanent    installations 

where  a  continuous  record   is  an 

important   factor,   and   the  expense  of  any  on  iimn    fl 

meters  is  not  justified    in  flanged  pipe  systems  the  thin-plat        ties 

may  be  inserted  at   a  joint   with   little  or  QO  disturbance 
piping]  and  in   long  pipe  lines  the  loss  in  head  caused 

will  be  inoonaiderafa  ompared  frith  losses,    it  would  seem 

that  this  I  mighl    well   be  lit il  liple,    in   t<  -   the 

efficiency  of  certain  of  pumps,  in  measurii 

of  individual  wells  of  water  v.  in  det-rniin 

consumption  for  individual  purposes  in  mil]  in  measur- 

ing the  d  •  through  eity  mains,   and   in  distributing  water  for 

irrigation  pur  In  planning  inducting  th 

tions  under  which  the  orifice  would  ordinarily 

1 n  Dome  in  mind,  ami  DO  attempt  | 

or  methods  oi  tmd  what  might  be  sxp 
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Tests  were  made  to  determine:  (1)  the  positions  of  two  cross- 
sections  of  the  pipe,  one  section  upstream  from  the  orifice,  the  other 
downstream  from  the  orifice,  at  which  pressure  head  may  be  measured 
and  the  drop  in  pressure  from  one  section  to  the  other  may  be  most 
favorably  determined,  (2)  the  relation  between  this  drop  in  pressure 
head  and  the  rate  of  discharge  through  the  pipe,  (3)  the  lost  head 
occasioned  by  the  orifice,  (4)  the  effect  of  small  deviations  from  what 
may  be  termed  standard  conditions,  and  (5)  the  proper  size  of  orifice 
for  given  conditions.  In  the  presentation  of  the  results  of  these  tests 
special  attention  has  been  given  to  the  probable  sources,  magnitudes, 
and  effects  of  the  accidental  and  constant  errors  incidental  to  the  ob- 
servations. Attempt  has  been  made  through  the  use  of  tables  and 
curves  to  render  the  results  easily  adaptable  to  all  sizes  of  pipe  from  4 
inches  to  20  inches  in  diameter  and  for  all  sizes  of  orifice  up  to  five- 
sixths  of  the  diameter  of  the  pipe.  In  the  belief  that  others  than  ex- 
perienced hydraulicians  may  find  use  for  the  results,  some  attention 
has  been  given  to  matters  connected  with  the  construction,  installation, 
and  use  of  a  form  of  apparatus  adapted  to  normal  practice. 

2.  Other  Experiments. — The  method  of  measuring  water  by  in- 
serting an  orifice  in  the  pipe  line  is  not  new.  Partially  closed  valves 
have  been  calibrated  as  orifices  for  such  use  and  experiments  of  a 
preliminary  nature  have  been  conducted  recently  with  thin-plate  ori- 
fices. In  "Experiments  on  Water  Flow  through  Pipe  Orifices,"* 
Horace  Judd  reports  the  progress  of  somewhat  similar  experiments 
conducted  at  Ohio  State  University,  the  orifices  being  in  plates  of 
Monel  metal  1/32  inch  thick  inserted  in  a  5-inch  pipe. 

In  "Diaphragm  Method  of  Measuring  the  Velocity  of  Fluid  Flow 
in  Pipes. ' "  \  Ilolbrook  Gaskell,  Jr.,  gives  an  account  of  a  brief  series  of 
tests  on  6-inch  and  8-inch  pipe. 

:;.  Acknowledgment. — The  tests  were  made  in  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois  in  1914-15  as  graduate 
work  in  the  Department  of  Theoretical  and  Applied  Mechanics  and  in 
1916-17  as  an  investigation  of  the  University  of  Illinois  Engineering 
Experiment  Station.  The  investigations  were  under  the  general  super- 
vision of  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary 
Engineering  and  in  Charge  of  the  Department  of  Theoretical  and 

•Jour,  of  the  Arn.  Boc.  of  M.  K  ,  Sept.  1916. 

'  nu tea  of  Proc.  of  the  Inst,  of  C.  E.,   1914. 
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Applied  Mechanics.    To  Professor  Talbot  credit 

suggestions  made  during  the  preparation  ol  this  bulletin,     T     i 
PES80BS  M.  L.  Engeb  and  Pbed  B  Si  i  lt,  of  the  Department  of  Tl 
retical  and  Applied  Mechanics,  credit  is  due  for  many  helpful  s 
tions  made  during  the  progress  of  the  irork. 

The  tests  treated  in  this  bulletin  are  the  outgrowth  of  bi 
periments  by  C.  S.  Mulvaj  I'M}. 

the  direction  of  V.  K.  Fleming,  Assistant  Pn  Applied  Me» 

chanics.    The  results  of  the  experin  Mulvai  • 

sented  as  an  undergrade 

4.    Notation.-  Throughout  the  bulletin  the   following   aotat 
will  be  used : 

V  =-=  mean  velocity     •  in  pip 

norma]  uniform  flow. 
v   =  velocity     ft.  |  I  I      jet  issuing  from  I 

fice  at  the  Bed i"n  of  action. 

.1        en  ■  ional  area  of  the  pipe    sq.  ft  . 

Q  --  -  rate  of  disch;  su.  ft.  | 

/>  ■  diameter  of  the  pipe    in.  . 
d    -  ■  diameter  of  the  orifice    in 
h  lost  head    ft.  of  wrater    caused  by  the  .  iuclu< 

the  loss  due  both  to  contraction  and  to  radd< 

pansion  of  tl 
A    -  ■  drop  in  pressure  h<  of  s   I 

pressure  head  as  I  gags 

column  of  which  is  con  tho  pi| 

of  normal  uniform  flo^i  apstream  from  I 
column  of  w  hich  is  com 

the  same  plane  ;»n  the  section  ol 

of  the  jet  d<»u ostreara  from  i he  i 
i  tliciciit 

i  'fllrii'iit  of  contract  ion. 

1/  ration 

( '  depending  on  diam<  p  ; 

K         vrlocity  modulus 
in  pressure  I 
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D 

Gr  =  ratio  factor,  depending-  on    -=-  • 

F  =  factor  showing  the  dependence  of  ha  on  diameter  of 

pipe. 
./    =  coefficient  expressing  the  relation  between  ha  and  hi. 
C  =  coefficient  of  discharge  for  bevel-edged  orifices. 
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II.        A.WI.YIM   Af.    Hl.I.ATK'N     ;.  I     OP 

in  1'ic:  Si  '..'.  1 1 i:ai> 

o.    Relation  between  Drop  m  l'r>  Head  and    V<      \ty  of 

Flow. —  In  the  use  of  the  pip'  velocity  of  flow  in  the  j » i i »♦- 

(or  the  rate  of  discharges  ia  calculated  from  the  drop  in  the  preai 
head  between  a  section  upstream  from  the  oritice  i  tion  down- 

stream from  thf  orifice.     [1 

rational  expression  for  the  velocity  in  tern  lie  drop  in  the 

sure  head.    Furthermore,  Bin  1  caused  by  tl 

in  the  pipe  may  be  a  determining  factor  in  the  the  proper 

orifice  it  is  desirable  thai  a  rational  ex]  rond  for  the 

head.     Assumptions  have  1 d  made         erning  bavior  of  I 

jet  which  have  Borne  experimental  justification  as  will  be  di- 
lator. 


t , 


Re  a /'on  of '  ct/s 
*~  turbed  flow 


5ecf/on  3 


:' 


i  repri  longitudinal  aeetioi 

pstffhfg  through  an  orii                                 >n  1  be  "«1 

nniform  flow  on  the  m             tide  of  the  ap- 

proaehes  tin-  orihVo   from  thi-                                       H  and.  if  it   may  be 
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assumed  to  behave  not  unlike  the  jet  issuing  from  the  standard  orifice 
in  the  open  air,  it  continues  to  converge  after  leaving  the  orifice  until 
the  greatest  contraction  takes  place  at,  let  us  say,  section  2.  The  jet 
then  expands  until  normal  flow  takes  place  at  section  3. 

Let  K,  h2)  and  h3  respectively  be  the  pressure  heads  registered 
by  piezometer  tubes  inserted  at  sections  1,  2,  and  3,  and  let  it  be  as- 
sumed that  the  pressure  head  h2  is  the  same  as  it  would  be  if  the  pie- 
zometer tube  at  section  2  were  projecting  through  the  wall  of  the  pipe 
to  the  periphery  of  the  jet  at  the  contracted  section. 

Neglecting  pipe  friction,  the  drop  in  pressure  head  between  the 
lion  of  beginning  of  convergence  and  the  section  of  greatest  con- 
traction (Fig.  1)  is  equal  to  the  change  in  velocity  head  between  the 
two  sections  plus  the  loss  in  head  due  to  the  contraction  of  the  jet. 
Then  by  Bernoulli's  Law 

v2  V2 

v  D2 

Since     -r-  =  — — -r  and  C  —  Cc  Cv 

V       C,d2  c    v 


h  = 


D  4 


1 


V2 

(1) 


C2  J2  g 

(2) 


*  c2 


It  is  evident  that  this  drop  in  pressure  head,  hb,  is  the  maximum 

drop  in  head  that  may  be  found  near  the  orifice  and  is  somewhat 

iter  than  the  sum  of  all  losses  occasioned  by  the  orifice,  since  beyond 

the  contracted  section  as  the  velocity  decreases  from  v  to  V  a  portion 

of  the  velocity  head  is  transformed  into  pressure  head. 

6.     Expression  for  Lost  Head. — Between  two  sections  of  uniform 
flow,  o  ion  on  each  side  of  the  orifice,  such  as  section  1  and  sec- 

tion :J   (Fig.  J;,  a  change  in  pressure  head  is  accompanied  by  three 
the  loss  due  to  contraction,  the  loss  due  to  sudden  expansion, 
1  the  loss  due  to  pipe  friction.     If  the  latter  factor  is  eliminated 
mj   consideration,   then  by  methods  similar  to  those  used  in  the 
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derivation  of  the  expression  in  the  preceding  article  it  a  *wn 

that 


»-'■-•-£ ((")'('   .')((")/    ')-'! 


This  is  the  loss  of  head  caused  by  the  orifice     l\  dently 

always  l<-ss  than  the  drop  in   |  [oation     l 

approaches  that  quantity  as  the  ratio      increases. 

a 

In  order  properly  to  apply  these  equations,  the  lectioi 

referred  to,  particularly  the  section  and 

the  section  of  greatest  contraction,  moat  I  Ily. 

The  method  of  modifying  the  rational  equations  to  conform  with  I 

experimental  results  will  be  <i.^ 
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III.     Tests  and  Results 

7.  Scope  of  Experiments. — The  principal  tests  were  made  on 
4-inch,  6-inch  and  12-inch  pipe  with  eight  sizes  of  orifices  for  each 
size  of  pipe  as  recorded  in  Table  1.    It  will  be  noted  that  the  diameters 


Table  1 
Diameters  of  Orifices  and  Pipes 


4-inch    Pipe 
D=4.06  in. 


6-inch  Pipe 
Z>  =  6.12  in. 


12-inch  Pipe 
D  =  12.15  in. 


j 

D 

D 

D 

d 

d 

d 

— . 

d 

d 

d 

0.497 

8.17 

0.75 

8.16 

1.50 

8.10 

0.667 

6.09 

1.00 

6.12 

2.00 

6.08 

1.00 

4.06 

1.49 

4.10 

3.00 

4.05 

1.34 

3.04 

2.00 

3.06 

4.00 

3.04 

1.67 

2.43 

2.50 

2.44 

5.00 

2.43 

2.00 

2.03 

3.01 

2.03 

6.00 

2.03 

2.68 

1.52 

4.02 

1.52 

8.00 

1.52 

3 .  33 

1.22 

5.01 

1.22 

10.00 

1.22 

of  the  orifices  range  from  one-eight  to  five-sixths  the  diameter  of  the 
pipe,  and  that  the  eight  ratios  of  diameter  of  pipe  to  diameter  of  ori- 
fice for  the  4-inch  series  are  approximately  the  same  as  for  the  6-inch 
and  12-inch  series. 

The  mean  velocity  in  the  pipe  ranged  from  0.01  ft.  per  sec.  with 
the  smallest  orifice  of  each  series  to  a  maximum  velocity  of  about  23 
ft.  per  sec.  with  the  largest  orifice  of  the  4-inch  series,  14  ft. 
per  sec.  with  the  6-inch  series,  and  S1/^  ft.  per  sec.  with  the  12-inch 
series. 

Experiments  were  conducted  to  investigate  phases  of  the  problem 
as  follows : 

(1)  Pressure  Variations  and  Behavior  of  Stream 
By  observations  of  pressure  variations  along  the  pipe  the  posi- 
tion of  the  following  sections  was  found:  (a)  the  section  at  which 
the  flow  in  the  pipe  changes  from  normal  uniform  flow  and  the  stream 
begins  to  converge  towards  the  orifice;  (b)  the  section  at  which  the 
jet  issuing  from  the  orifice  becomes  fully  expanded  and  normal  uni- 
form flow  is  resumed;  and  (c)  the  section  of  greatest  contraction  of 
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the  jet  issuing  from  the  orifice.     The  change  in  pressure  head  was 

taken  to  indicate  t  ■  in  are  *ion  of 

greatest  contraction  being  to  the  pressure 

least.    The  terms  oormal  unit'  I  eginning 

tioo  of  gi  t ion.  and  a  where  jet  ;  -  fully 

panded  and  normal  uniform  6 

to  describe  the  genera]  phenomena  at  t)  • 

to  be  taken  to  define  strictly  the  conditii 

behavior  of  the  Stream  in  the  vicinity  of  I 

2       Relation  1"  I  >rop  in  P  rge 

The  observations  of  pressure  variations  alon^r  tl  indical 

thai  the  two  mosl  favorable  secti< 

giving  the  steadiest  pr  and  the  mosl  reliable  drop  in  pressure 

head  v.  ion  at  or  slightly  upstream  from  I  gin- 

nin_  ■•  at  the  contract 

For  tl.  »und  ti 

•  any  other  t\  -  in  the  vicinity  of  the  Olifici 

For  measured  i  >f  discharge  the  drop  in  \  ;.  as 

by  a  differentia]  ga 
don  of  beginning  of  con verj         and  at  the  section 
tion  was  observed.     Prom  the  _re  will 

derived. 

(3)     Lost    B< 

Tl.  head  caused  by  the  orifice, 

is  represented  by  the  change  in  j  of 

beginning  of  conver  upstream  from  I  and  ti 

of  resumed  normal  uniform  flow  down 

the  difference  between  the  pi  heads  at  two 

uniform  flow,  on  m  above  and  one  below  the  orifi        I  I 

tiona  were  made  to  determine  the  relation  I 

chan 


r>" 


ing  thi   l 

Test  I    '      '  •     made   |  ■  mine  ; 

displacement  of  the  orifice,   (b)  the  ga  • 

the  precision  of  obi  not  tl.- 


Hi  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 

able  difference  between  the  drop  in  pressure  head  with  gage  connec- 
tions made  at  the  top  of  each  section  and  the  drop  in  pressure  head 
with  the  gage  connections  made  at  the  bottom  of  each  section,  (d)  the 
effect  of  number  of  connections  at  each  section  on  the  precision  of 
observations,  and  (e)  the  effect  of  beveling  the  upstream  edge  of  the 
orifice. 

The  drop  in  pressure  was  measured  between  a  section  at  approxi- 
mately the  beginning  of  convergence  and  the  section  of  greatest 
contraction.    The  tests  were  made  only  on  4-inch  and  6-inch  pipe. 

8.  Apparatus. — The  pipe  upon  which  tests  were  made  was  com- 
mercial steel  pipe  which  had  been  in  service  some  years.  In  general 
there  was  a  small  but  measurable  difference  between  the  diameters  of 
the  adjoining  sections  of  pipe  between  which  the  orifice  plate  was  in- 
serted, and,  due  to  roughnesses  and  other  variations,  the  error  of 
measuring  the  diameter  was  perhaps  0.02  inch.  The  pipe  was  horizon- 
tal and  straight  for  a  sufficient  distance  on  each  side  of  the  orifice  to 
make  the  effect  from  bends  negligible. 

All  orifices  were  circular  in  shape  and  were  cut  in  3/16-inch 
steel  plates.  In  general  the  edges  of  the  orifices  were  square.  To 
find  the  effect  of  a  deviation  from  this  standard,  experiments  were 
also  made  with  bevel-edged  orifices,  a  bevel  of  45  degrees  being  made 
on  the  upstream  side  of  the  orifice  in  such  a  way  as  to  leave  a  thick- 
ness of  metal  of  1/32  inch  at  the  throat. 

Drop  in  pressure  head  was  measured  by  the  usual  form  of  U- 
tube  differential  gage,  the  water  gage  being  used  for  small  differences, 
and  the  mercury  gage  for  large  differences. 

The  gage  connections  to  the  pipe  at  the  sections  under  consider- 
ation were  ^-inch  pipe  nipples.  Care  was  taken  that  no  burr  was 
left  at  the  inner  edge  of  the  tapped  holes  and  that  the  nipples  did  not 
protrude  beyond  the  inner  surface  of  the  pipe.  The  pipe  nipples 
w<Te  connected  with  the  gages  by  ordinary  rubber  tubing. 

9.  Water  Supply  and  Measurement. — The  supply  of  water  was 
obtained   from  the  60-foot  standpipe  of  the  Hydraulic  Laboratory. 

For  most  of  the  tests  the  water  level  in  the  standpipe  was  within  a 

of  the  top  and  a  nearly  constant  head  was  maintained  by  a 

O-gallon  duplex  pump,  the  pump  being  automatically  regulated. 

1        mosi  work  the  bead  remained  nearly  constant  during  a  given  run, 


/"7 
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ig 


bnl  for  Large  dfechai  I  in  the  standpip<  g  in 

momentary  fluctuations  in  pressure  in  the  pipe. 

When  less  than  about  1  3   m.   ft  the  disci 

measured  by  weight;  when  gn  by  dis] 

Time  of  disci  red  with  a  calibn  tch. 

10.    Prestun   Gha\  <> 

Elections  to  the  pipe  wei  itions  indicated  in  T 


Tabu   2 

Position  ok  Bb 
meter  of  pipe  and  d  from  th 


:i  in 

Diam 

- 

- 
Orif. 

a 

3 

- 

Sec.G 

to 

to 

Sec     I 

X 

2H 

*H 

5 

40 

•inn  A  being  upstream  from  the  orifice  and  the  change  in  p 
head  between  adjacenl  Bections  i 
of  flow  for  each  orifice.    The  maximum  cha 
ranged  from  0.01  ft  to  50  ft 

Pig.  '2  shows  tin*  apparatus  for  observing  changes  in  |  ''ad 

in  the  12-inch  pipe,  the  orifice  plat  -r  between  I  tiges  n< 

the  left  of  the  picture  and  the  direction  ol  flow  being  h 
right.    At  the  sections  adjacenl  to  the 
I),  Table  2  .  gage  connections  we\  I  both  in  I 

bottom  of  the  pipe,  and  the  two  uipples  at  each  <>f 

brought  to  a  onion.    Tu uneel  inns  p 

other  sections  s  single  uipp  •  1  in  the  bottom  of  tl. 

The  results  of  the  ol  tioni  arc  ihown  gra| 

For  ease  in  making  comparison,  a  pressure 

pip  mown  in  terms  of  the  '  «i  by  I 

of  change  in  pressui  • 
baring  been  mad< 
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Fig. 


Pressure  Variations  near  Orifice 


For  each    -  the  ordinate  of  the  curve  at  any  section  was  obtained 

by  averaging  the  ratios  for  all  rates  of  flow,  there  being  nothing  to 
indicate  a  consistent  variation  between  these  ratios  at  low  rates  of  flow 
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and  at  high  rates  of  flow.     That  there  are  not  three  curves  shown  for 

each  -r  merely  indicates  that  there  ifl  do  nt  between  the  g 

eral  behavior  of  the  jet  for  on  I  behai 

for  other  sizes,  and  does  do!  indicate  that  the  size  of  pipe  bat  no  in« 

fluence  on  the  relation  -ity  and  change  in  p 

The  dotted  portion  of  the  curve  tor—       l.*J:  iin 

<i 

11.     Deductions  on  lit  ho r, or  of  thr  J,  t.     A  study  of  the  001 
tions  of  the  changes  in  pressure  head  (which  are  too  numerous  to  be 
shown  here)  and  of  the  curves  in  Pig.  :»  warranl  following  deduc- 

tions : 

l       The  location  of  th<  m  of  beginning  of  conTergenee 

as  the  -i  ream  appi  -  the  orific 

diameter  of  the  pipe  upstream  from  the  plane  of  ti 

—  =1.2.  and  it  gradually  approaches  the  or  I  ,  inn 

(1  o 

(2)  The  section  of  gi  contraction  Lb  si  ■  fair;;. 
Btanl  distance  of  0.4  of  the  pipe  diameter  downstream 

plane  of  the  orifice  for  values  of  1.5  or  Ajb 

it  tt 

comes  Less  than  1.5,  the  section  of  greatest  contraction  .  illy 

approaches  the  orifice. 

(3)  The  distant  the  orifice  to  the  Motion  at  which  the 

jet   lias    fully    expanded    and    normal    uniform    0  Bed 

varies  between  3  and  i  pipe  dial  increasing 

until  —  becomes  L5,  ami  thereafter  probably  de 
a 

(4)  Downstream  from  the  contracted  Motion  tic 

itly  disturbed   pi 

fice  appr            the  diami  the  pipe,  thi  o  approachei 

the  section  i                I  contraction  and  tlie  j  i  .ationa 

shown  by  gage  readings  I ome  more  violent 

(5)  The  proportional  l  error  of  observing  drop 

in  prr  een  the  section  u'inninf 
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upstream  from  the  orifice  and  sections  downstream  from  the  ori- 
fice is  in  general  least  when  the  downstream  section  is  at  the  point 
of  greatest  contraction.  The  error  increases  as  the  distance  from 
this  section  is  increased  until  the  region  of  maximum  pressure 
fluctuation  is  reached,  and  decreases  thereafter  as  the  down- 
stream section  approaches  the  section  of  resumed  normal  uni- 
form flow. 

(6)     Except  for  -7  =1.2  (the  largest  orifice  used  with  each 

Lv 

size  of  pipe),  there  is  no  indication  of  a  variation  between  the 
general  behavior  of  the  flow  passing  through  the  orifice  used  with 
one  size  of  pipe  and  that  passing  the  corresponding  orifices  used 

with  other  sizes  of  pipe.  That  is,  for  a  particular  value  of  -%, 
except  -t=1.2,  there  is  no  indication  that  the  curve  showing  the 

Lb 

pressure  variation  for  the  4-inch  pipe  should  not  coincide  with 

that  for  the  6-inch  pipe  and  for  the  12-inch  pipe.     For  -=■  =1.2 

there  is  evidence  of  considerable  variation,  though  whether  or 
not  this  is  to  any  considerable  extent  due  to  size  of  pipe  is  prob- 
lematical. 

The  preceding  deductions  indicate  that,  for  the  purpose  of  flow 
■■inurement,  gage  readings  of  drop  in  pressure  should  be  taken  with 
gage  connections  at  the  section  of  beginning  of  convergence  or  up- 
stream therefrom  and  at  the  section  of  greatest  contraction.  The 
distances  to  these  sections,  as  far  as  effect  on  measurement  of  drop  in 
pressure  head  is  concerned,  may  be  considered  as  0.8  D  upstream  from 
the  orifice  and  0.4  D  downstream  from  the  orifice.  In  the  tests  to  deter- 
mine the  relation  between  drop  in  pressure  and  discharge  these  dis- 
were  used. 

12.     Relation  between  Drop  in  Pressure  Head  and  Discharge. — 

ace  the  use  of  the  pipe  orifice  as  a  flow  measuring  device  depends 

upon  the  proper  relations  between  the  drop  in  pressure  head  and  the 

ocity   (or  rate  of  discharge)   a  wide  range  of  tests  was  made  to 

determine  their  relation  after  the  preliminary  experiments  had  shown 

the  proper  arrangement  of  the  apparatus  as  already  discussed. 


Fin.    I       I 


Fk;.  5.     Differential  Gages 
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For  various  rates  of  flow  the  discharge  was  measured  during  an 
observed  time  interval  and  the  drop  in   ;  I  read  from 

the  differential  gage.     The  velocities  in  the  pi]  Q  0.01  ft. 

per  sec.  with  the  smallest  <»rifice  of  each  -  ■.  with  tin- 

largest  orifice  of  the  4-in.  scries;  tho  drop  in   pressure  rained   from 
0.01  ft.  to  56  ft.    On  th  it  ions  •  many  ratei  of 

flow  were  mad*.'  for  each  size  of  orifice. 

Fig.  4  shows  the  gj  mnections  with  the  pipe  at  th 

tions  adjacent  to  the  orifice,  the  distant  tl  eae  section*  I  sing  0.8 


;  in  ft.  of  v 


T  Mil.' 

'in    Data 
Orifioei  in  I  in.  pipe 

Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Cor.   1 


Lost  1 


;>  in 


Orifi 


-- 

. 

- 

it  | 

104 

L86 

HI 

940 

0   1 

L86 

161 

- 

187 

991| 

0.144 

0.0 

188 

179 
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066 

189 

1076 

190 

L80 

I'M 

1 

ioa 

• 

7.M 

ii   7    - 

L80 

ii  : 

L80 

1    is 

- 

l   22 

1321 

:iu 

19l| 

1 5 1 6 

160 

200 

180 

201 

1884 

178| 

909 

I40| 

■  ■ 

190 

206 

1821 

ID     1 

17»1 

1 66 

908 

140 

117 

211 

ii  i>08 

■ 

919 

ii  Hi  1 

914 

916 

817 

916 

817 

H  091 

918 

0  0293 

819 

818 

ii 

o 

891 

•00 

26 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


Table  3     (Continued) 

Sample  Data 

Orifices  in  12-in.  pipe 

Head  in  ft.  of  water.     Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Obe.  No. 


Net  Wt. 


Cor.  Time 


Lost  Head 


Drop  in 
Pressure  Head 


Discharge 


Orifice  1.50 

in.  diameter 

613a 

224 

600 

0.011 

0.011 

0.00598 

614a 

210 

500 

0.013 

0.013 

0.00672 

615a 

198 

400 

0.017 

0.018 

0.00793 

616a 

205 

360 

0.021 

0.022 

0.00911 

617 

209 

339 

0.028 

0.029 

0.00987 

61S 

216 

300 

0.036 

0.036 

0.0115 

619 

202 

261 

0.042 

0.044 

0.0124 

620 

203 

241 

0.050 

0.052 

0.0135 

621 

208 

215 

0.067 

0.067 

0.0155 

622 

258 

240 

0.079 

0.080 

0.0172 

623 

376 

332 

0.090 

0.092 

0.0181 

624 

342 

240 

0.112 

0.113 

0.0228 

625 

300 

241 

0.135 

0.135 

0.0199 

626 

372 

240 

0.176 

0.176 

0.0248 

627 

347 

199 

0.216 

0.216 

0.0279 

628 

392 

199 

0.274 

0.277 

0.0315 

629 

448 

200 

0.350 

0.353 

0.0358 

630 

497 

200 

0.428 

0.437 

0.0398 

631 

517 

191 

0.516 

0.523 

0.0433 

632 

585 

191 

0.663 

0.675 

0.0490 

633 

596 

180 

0.773 

0.790 

0.0530 

634 

650 

180 

0.915 

0.940 

0.0578 

635 

730 

184 

1.12 

1.14 

0.0635 

636 

830 

179 

1.50 

1.53 

0.0742 

7 

1040 

202 

1.86 

1.91 

0.0825 

638 

1512 

260 

2.39 

2.44 

0.0930 

639 

1542 

240 

2.97 

3.04 

0.103 

640 

1725 

240 

3.66 

3.72 

0.115 

641 

1644 

200 

4.79 

4.89 

0.132 

1679 

180 

6.18 

6.31 

0.149 

1902 

180 

7.88 

8.04 

0.169 

644 

1787 

155 

9.56 

9.70 

0.184 

645 

3286 

259 

11.5 

11.7 

0.203 

3218 

215 

15.9 

16.2 

0.239 

1800 

103* 

21.2 

21.6 

0.279 

648 

3254 

166£ 

27.2 

27.8 

0.312 

649 

3110 

138 

36.2 

36.9 

0.361 

-i 

3398 

145 

41.4 

42.1 

0.375 

Orifice  2.00 

in.  diameter 

651 

224 

360 

0.009 

0.010 

0.00997 

241 

300 

0.012 

0.013 

0.0129 

206 

240 

0.016 

0.018 

0.0137 

223 

270 

0.017 

0.017 

0.0132 

240 

0.026 

0.028 

0.0172 

246 

188i 

0.037 

0.040 

0 . 0209 

2K7 

1H0 

0.056 

0.060 

0.0255 

I)  upstream  and  0.4  D  downstream  from  the  orifice  and  there  being 

two  pressure  openings  at  diametrically  opposite  points  at  each  section. 

5  shows  the  differential  gages  with  connecting  hose.  The  two  gages 

on  the  left,  one  for  mercury,  the  other  for  water,  are  connected  to  the 

djacent  to  the  orifice  and  register  the  drop  in  pressure  head; 

on  the  right  register  the  lost  head  due  to  the  orifice  plus 
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Obs.  No 


Tabll  luded) 

i  )  ATA 

-  in  l'J-in.  p 

in  ft.  of  writer.      Til 


Cubi. 


Initial 


B» 
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783 

48.2 
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1 1   5 

178  7 
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1    1 
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• 
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122    1 
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.  n 
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14  1 

1 

171    1 

M7 

180 

1 

Ms 

.   1 

187 

BIO 

i  a 

B 

82] 

211 

7    1 

Loss  due  to  ;  ction  within  the  length  I  •  iec- 

tions.    The  loei  head  will  1"'  discussed  u 

A  lamplo  of  the  data  thus  obtained 
values  of  losl  head  thai  irded  have  be* 

tioiL 
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Fig.  6.     Experimental  Discharge  Curves — 4-inch  Pipe 


The  data  of  the  tests  are  plotted  logarithmically  in  Figs.  6,  7 
and  8,  the  observed  drop  in  pressure  head  in  feet  being  plotted  against 
measured  discharge  in  cubic  feet  per  second.  The  lines  which  have 
been  drawn  through  the  mean  of  the  plotted  points  are  seen  to  be 
straight  and  very  nearly  parallel.  It  will  also  be  noted  that  the  curves 
for  one  series  bear  the  same  general  relation  to  one  another  as  do  the 
curves  for  the  other  two  series. 

The  mean  of  the  measured  slopes  of  the  24  curves  varies  only 
slightly  from  2.00.  A  study  of  the  curves  indicates  that  the  variation 
of  the  dopes  of  the  individual  curves  from  the  mean  value  is  partly 
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accidental.     Sin,  \irithii: 

■  vary  .       1       which   ;  i  with  I 

theoretical  expression,  equation  (1)  p.  \~.    To  mak< 
equation  exactly  fit  [perimental  curves  if  m 

a  particular  I  orifice  md  pi] 

Imp   in    |»rc>sin-r   ln»a«l 

d  in  Table  L 
The  values  of  the  i fficients  of  disci 

by  substituting  in  equation    1    value  I  V       \  I 

experimental  cun  •        l\  will  l»o  se 
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Fig.  8.     Experimental  Discharge  Curves — 12-inch  Pipe 


Table  4 
Coefficient  of  Discharge — C 


I) 

4-in.  Pipe 

6-in.  Pipe 

12-in.  Pipe 

d 

*.-01 

hb-1M 

ft,"50 

ft*-0-1 

/lb  =  10° 

hb-M 

h'01 

*,-"» 

h-10 

0  771 

0.760 

0.753 

0.746 

0.742 

1  52 

0 .  070 

0  063 

0.651 

0 .  659 

0.651 

0.638 

0.631 

0   > 

0 .  028 

0.017 

0.620 

0.616 

0.608 

0.615 

0.609 

0.603 

0  1 

0.019 

0 .  609 

0 .  609 

0.606 

0.600 

0.608 

0.602 

0.596 

0.617 

0.614 

0.606 

0.604 

0.602 

0.597 

0.605 

0.600 

0.594 

i  07 

0  01s 

0  815 

0  008 

0.606 

0 .  004 

0.598 

1     0.605 

0.600 

0.595 

S  10 

0  • . 

0.624 

0.018 

0.013 

0.611 

0.601 

i     0.610 

0.606 

0.602 

0  1 

0  • 

0  030 

0.619 

0.616 

0.604 

0.610 

0.606 

0.602 
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the  coefficient  of  discharge  not  only  :,,p  m 

pressure  head  increases  but  also  d 

increases. 

For  a  better  understanding  of  the  I  behavior 

cient  of  discharge,  and  also  that  the  o  at  of  d 

determined  readily  for  other  vain-  than  those  of  the 

the  data  of  Table  4  for  the  4-inch  pipe  are  shown  graphically 
two  upper  curves  of  Pig.  9,  values  of  tin  being  \ 

against -r  •    The  two  curves    the  full  Lu  0.11 

a 

line  for  /i6=50  ft. — are  intended  to  show  the  ext  remes  of  * 

which  may  possibly  I  e  used.     For 

of  discharge  incr>;i  riy  Sfl  a  straight   li:  .  iarity  \vh 

may  perhaps  be  explained  through  the  tact  thai  increases 

distance  from  the  wall  of  the  pipe  to  the  peri] 

the  section  oi 

sequent!}-  less  likelihood  of  the  pressure  al  the  wall  of  the  j 

the  same  as  that  which  i  at  the  periphery  of  the  jet  at  I 

of  neatest  contraction     As       decn  efficient  of 

a 

discharge  increases,  and  the  rate  at  which  the  < fticicnl  •••<  f«>r 

small   vainer  of       atill  further  emphasizes  the  ini] 
a 

attempting  to  make  precise  measure 

ameter  of  the  orifice  is  g  than  two-thirds  the  diai 

The  C  curves  for  the  4-inch  pipe  arc  t\  pica!  of  those  I 

and  12-inch  for  the  lo?  ad      .  ,  but 

(i 

larger  I  he  rate  of  inci  I   diminishes  for  the  hi 

The  tWO  N»wer  curves  of   I 

crease  of  ( 

13.    Simplified  Equato  i 

oretical  equation  for  the  determination  of  > 
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Fig.  9.    Coefticients  of  Discharge 
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of  the  drop  of  pressure  head  (equation     2  .  p,  12     may  be  pot 

the  form 

v-   K  VI 


in 


• 


in  which  A' =     /  /  j}  .  4 

c2 

The  expression  for  the  rate  of  discharge  then  ■ 

Q  =  AK^~hb  

Within  the  range  of  the  drop  in  pressure  Likejy  to  be  used  in 
practice,  A*  may  with  small  error  yarded  ss  a  constant  f<»r  ■  | 

ticular  size  of  pipe  and  orifice.    To  simplify  the  work  1 
velocities,  values  of  K  for  various  d  in  T 

For  convenience,  the  term  K  will  be  called  tl 
of  t lie  values  of  the  velocity  modulus  have  been 
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nificant  figure  than  the  data  may  warrant  in  order  to  permit  more 

nearly  accurate  interpolation.    In  interpolating  for  other  values  of  — 

or  other  sizes  of  pipe  than  those  shown  it  may  be  assumed  that  the 
velocity  modulus  varies  as  a  straight  line. 

The  computations  for  the  velocity  modulus  were  based  on  the 
coefficients  of  discharge  for  a  drop  in  pressure  head  of  1.0  ft.  as  shown 
in  Table  4  and  by  the  curves  of  Figs.  9  and  10.  (Fig.  10  is  explained 
in  the  following  section.)  Since  K  varies  as  C  and  since  G  decreases 
as  hb  increases,  the  values  of  the  velocity  modulus  are  for  a  large  drop 
in  pressure  head  slightly  too  large  and  for  a  small  drop  in  pressure 
head  slightly  too  small;  but  within  the  limits  hh=0.1  ft.  to  7i&=10  ft., 
which  seem  to  be  about  the  limits  which  would  be  found  practicable 
under  ordinary  conditions  of  flow,  the  error  introduced  by  use  of 
Table  5  is  negligible. 

14.  Application  to  Other  Sizes  of  Pipes. — In  order  to  use  equa- 
tion (2)  or  (4)  for  sizes  of  pipe  other  than  those  used  in  the  experi- 
ments herein  recorded  it  is  important  to  determine  the  effect  of  the 
diameter  of  the  pipe  on  the  coefficient  of  discharge.  The  proper  co- 
efficient of  discharge  is  obtained  by  applying  a  diameter  factor,  CP, 
which  is  the  quantity  by  which  the  coefficient  of  discharge  for  a  6-inch 
pipe  must  be  multiplied  to  produce  the  coefficient  of  discharge  for  a 
given  size  of  pipe.  The  values  of  the  diameter  factor  for  various  diam- 
eters of  pipe  are  shown  in  Fig.  10.    Since  the  curve  is  based  on  only 
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three  plotted  points  it  is  likely  to  be  somewhat  in  error.    Eta  fold 

be  confined  to  values  of    ,    between  ii  and  o'  and  I  l  fl   and  10 

ft.  for  A    if  accurate  results  an  ed. 

15.     Empirical  Relate 
Head. — From  the  discharge  curves  of  I  7.  and  s  the  follow, 

empirical  equation  has  been  derived  f<>r  the  velocity  in  terms 

drop  in  pressure  head, 


P-4.8J 


( ')  c;.) 


This  equation  has  an  advai  over  tl 

equation  (2),  in  that  the  variable  i fficienl 

This  empirical  equation  will  Lriv.-  approximately 

equation   (2)   for  those  value  which  are  recommended  for  use 

in  engineering  practice,  namely,  for  val  •  .  beto 

16.     Empirical  i  I        Head     Since  the  amount 

lost  head  caused  by  the  orifice  maj  be  an  importai  I  r  in  the  sel 

tion  of  the  orifice  to  be  used,  or  even  in  ting  the  p  flee 

method  of  measuring  the  discharge,  it  is  important  to  know  ti 
tion  between  the  drop  in  pressure  head  and  the  lost  head,    In  I 
the  on  the  right  registered  th< 

the  loss  due  to  pipe  friction  within  the  length  bet 

t  ions. 

The  result  tie  experiment  nine  this  relation  ii 

that   the  rational  expression,  equation     '■'<     p    l 

the  ratio    .  is  large  bu1  gives  results  which  are  in 
a 

as      d<  3,  until  \'<>r         1.2  the  lost  head  as  computed  b 

<l  ii 

is  about  ■'>  per  i  than  the  l"si  head  as  determined 

periment.    In  arriving  at  this  conclusion,  tl 

termined  from  tl  •  q  <h"|>  in  pressui  ind 
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as  shown  iu  Table  4  were  used  in  the  rational  expression  and  the  coef- 
ficients of  contraction  employed  were  derived  assuming  a  coefficient 
of  velocity  of  0.98. 

Equation  (3)  is  too  complicated  an  expression  to  be  used  readily 
in  computing.  A  simpler  expression  for  the  lost  head  and  the  dis- 
charge is  given  by  the  empirical  equation 

h.=  0.0366  *■[(£)'-  i]\°V         ....       (7) 

in  which  F  is  a  factor  depending  on  the  size  of  pipe  and  having  the 
values  0.98  for  4-inch  pipe,  1.02  for  6-inch  pipe  and  1.04  for  12-inch 
pipe.    This  expression  gives  lost  heads  correct  within  about  2  per  cent 

except  when  -?  is  less  than  1.5.  For  -j  =1.2  the  expression  gives  results 

about  3  per  cent  too  small. 

A  convenient  expression  for  determining  the  lost  head,  having 
given  the  drop  in  pressure  head,  is  given  by  the  equation 

\(Dy      d_~\202 
ha  =  0.Mhh     LjLZ £J.  Jhb    ...     (8) 

The  values  of  J  in  the  foregoing  equation  for  given  values  of  hb 
are  shown  by  the  curve  in  Fig.  11. 

17.  Choice  of  Orifice. — The  choice  of  the  size  of  orifice  to  be 
used  under  given  conditions  may  depend  upon  four  factors,  the  rate 
of  flow  in  the  pipe,  the  lost  head  that  may  be  allowed,  the  desired 
precision  of  the  discharge  measurement,  and  the  maximum  drop  in 
pressure  head  which  the  differential  gage  will  register.  Table  6  which 
BhowB  approximate  values  of  the  drop  in  pressure  head  and  the  lost 

head  for  several  velocities  and  values  of  -7  is  intended  to  be  of  assist- 
ed 

ance  in  estimating  the  size  of  orifice  best  adapted  to  particular  re- 
quirements.    In  Fig.  12  the  drop  in  pressure  head  for  various  ratios 

of       is  given  in  terms  of  the  lost  head. 
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The  relative  error  in  the  observation  of  the  drop  in  prei  -'ad 

varies  inversely  as      bul  for      equal  to  2J 

be  reduced  to  a  uegligible  quantity.    Thei 

make  it  advisable  to  nae  a  diami  flee  do! 

half  thai  of  the  pipe  when  conditions  will  alio*      I ;  the  magnil 
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Table  6 

Approximate  Values  of  Drop  in  Pressure  and  Lost  Head 
}}j  =drop  in  pressure  head  in  feet;  /^a  =  lost  head  in  feet 


D 

D 

D 

D 

D 

D 

-1.2 

=  1.5 

=  2.0 

=  2.5 

=  3.0 

-TT-  =4.0 

d 

d 

d 

d 

d 

d 

V 

h 

ha 

h 

K 

hb 

K 

h 

K 

hb 

K 

hb 

K 

0.2 

0.43 

0.39 

0.5 

0.16 

0.12 

0.41 

0.33 

0.86 

0.73 

2.7 

2.5 

1 

0.17 

0.09 

0.64 

0.46 

1.6 

1.3 

3.4 

2.9 

10.8 

9.8 

2 

0.66 

0.36 

2.6 

1.9 

6.5 

5.3 

14 

12 

43 

39 

3 

0.37 

0.12 

1.5 

0.8 

5.8 

4.2 

15 

12 

31 

26 

4 

0.65 

0.21 

2.6 

1.4 

10 

7 

26 

21 

55 

47 

5 

1.0 

0.3 

4.1 

2.3 

16 

12 

41 

33 

6 

1.5 

0.5 

5.9 

3.2 

23 

17 

59 

48 

10 

4.1 

1.3 

17 

9 

64 
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the  lost  head  is  not  an  important  factor,  it  is  best  that  the  drop  in 
pressure  head  be  greater  than  1.0  ft.  so  that  the  relative  error  of 
measurement  will  be  small,  but  the  indications  are  that  gage  heights 
as  small  as  0.2  ft.  may  be  measured  with  good  results,  provided  the 
observer  is  experienced.  Reliable  observations  may  be  taken  with  an 
orifice  having  a  diameter  two-thirds  that  of  the  pipe,  but  the  probable 
error  of  reading  the  gage  is  likely  to  be  several  times  what  it  is  for  the 
smaller  orifices,  even  though  the  gage  be  carefully  throttled.  An 
orifice  having  a  diameter  much  greater  than  two-thirds  that  of  the 
pipe  should  not  be  used  except  for  approximate  discharge  measure- 
ments. 

As  an  illustrative  example  let  it  be  required  to  measure  the  rate 

of  discharge  through  an  8-inch  pipe  the  velocity  in  which   varies 

during  the  day  through  a  large  range,  say  from  about  1  to  6  ft.  per 

Should  the  pipe-orifice  method  be  used  and,  if  so,  what  size  of 

orifice  should  be  installed?     From  Table  6  it  will  be  noted  that  for 

■—  =2  the  drop  in  pressure  head  is  0.64  ft.  for  a  velocity  of  1  ft.  per  sec. 

in  the  pipe,  with  a  lost  head  of  0.46  ft.  Likewise  the  drop  in  pres- 
sure head  is  23  ft.  for  a  velocity  of  6  ft.  per  sec.  with  a  lost  head  of 
17  ft.  Assuming  that  a  lost  head  of  10  ft.  is  the  greatest  that  should 
be  allowed  and  that  both  a  water  gage  and  a  mercury  gage  would  be 
<\  for  a  ran^e  in  drop  of  pressure  head  of  23  ft.,  it  is  seen  that  an 
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orifice  larger  than  4  in.  should    be  selected.     One  with —      1 .."» 
range  in  drop  in  pressure  head  from  0.17  to  5.9  ft 

range  in  lost  head  of  0.09  to  3.2  ft.    An  oritice  with—-      l..">  v 

a 

somewhat  less  nearly  accurate  results  than  one  with---     _• 
discussed)  but  it  would  answer  the  purpose  well,  although  perl 

would  be  advisable  to  use  b  slightly  larger  orifice,  one  with 

<i 

%  =i.7-> 

if 

18.    Computati  D  most  | 

use  equation     2  .   p.   12,   with   coefficient   of  dis  ken   fr 

Table  4.  p.  30.     For  sizes  of  pipe  other  than  which 

cients  are  shown  use  the  diameter  factor  as  explained  in  section  11. 

p.  34.    With  —7-from  L5  to  6  and  with  care  in  mak imr  the  obser 

dons,  the  error  introdn 1  may  be  kepi  lower  than  2  per  cent    w 

wider  ranges  of     r-or  with  \w\  high  or  low  values  in  drop  in  pr 

head  this  percentage  will  be  increased,  1 ause  of  difficu 

ing  the  gage  properly. 

For  Less  precise  computations  use  n|iiat:<.u      1  i 

p.  33,  with  the  proper  velocity  modulus  taken  from  Table  •">.  p. 

With  pipe  from  4  to  12  inches  in  diameter  and  with 

d 

the  maximum  error  introduced  will  !"•  abov  With  wider 

ranges  of  —  or  with  very  hndi  or  Ion  values  of  drop  in  pressure  l 

this  percentage  will  be  correspondingly  increased, 

Th«'  un.-  of  equation     6  .  p 

For  Bizes  of  pipe  from  l  to  12  inches,  with    ,  from  2  to  i  the  maximum 

d 

error  will  not  be  greater  than  9  per  cent.     With         1< 

greater  than  \  the  error  introduced  maj  be  5  per  cent 
Diagrams  similar  to  1  and  8  ma\   i 

which  the  discharge  for  the  imuv  fommnn  sj/.>s  ,.f  pip»\  with  th»-  pro] 
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ran^e  of  — ,   may  be  obtained  directly.     The  calculation,   however, 
d  tf  y 

from  equations  (4)  and  (5)  and  Tables '6  and  7  is  very  simple.  ; 

To  determine  the  lost  head,  having  given—  and  the  drop  in 
pressure  head,  use  equation  (8),  p.  36. 

19.  Errors  and  Precautions. — In  the  use  of  a  flow  measuring 
device  it  is  important  to  know  the  source  of  the  errors  likely  to  be 
met  and  to  know  the  precautions  and  limitations  which  if  observed 
will  help  to  reduce  the  errors. 

It  is  important  that  the  edges  of  the  orifices  be  sharp  and  square. 
The  orifice  plates  in  the  present  tests  were  3/16  inch  thick,  but  there 
is  no  reason  for  believing  that  the  coefficients  derived  from  the  ex- 
perimental data  would  not  apply  equally  well  to  orifices  in  plates  of 
lesser  thickness. 

The  orifice  should  be  placed  in  a  region  where  there  is  approxi- 
mately uniform  flow.  This  will  necessitate  the  pipe  upstream  from 
the  orifice  being  straight  and  free  from  abrupt  changes  in  cross-sec- 
tional area  for  10  diameters  or  more. 

On  account  of  the  possibility  of  small  openings  becoming  clogged 
it  seems  inadvisable  to  use  gage  connections  having  a  diameter  less 
than  %  inch,  particularly  for  permanent  installation. 

It  is  important  that  all  burr  be  removed  and  also  that  the  nipple 
does  not  protrude  beyond  the  inner  surface  of  the  pipe ;  for  small  pro- 
jections, by  altering  flow  conditions,  are  likely  to  produce  a  systematic 
error  of  considerable  magnitude  in  the  gage  readings. 

For  -7  equal  to  2.0  or  greater  a  single  nipple  at  each  section  will 

be  sufficient.  Although  in  the  tests  from  which  the  coefficients  of 
discharge  were  derived  the  sections  at  which  nipples  were  placed  were 
0.8  D  upstream  from  the  orifice  and  0.4  D  downstream  from  the  ori- 
fice, these  distances  may  be  altered  somewhat  without  appreciably 
changing  pressure  conditions.    (See  Fig.  3,  p.  20). 

For  —  less  than  2.0  two  opposite  nipples  at  each  section  produce 

mure  reliable  gage  readings  than  do  the  single  nipples,  the  pair  at 
each  section  being  joined  together  as  illustrated  in  Fig.  4,  p.  23. 
The  indications  are  that  the  distance  from  the  orifice  to  the  section 
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\\ 


downstream  from  the  orifice  may  oot  1"-  a]  ibly  altered  from  0  \ 

D  and  that  the  distance  from  the  orifice  to  the 

the  orifice  should  not  be  less  than  0.8  D.    On  acconnl  of  pipe  friction 

this  latter  distance  should  not  greatly  e\< 1  <>.^  p.  ilarly 

high  velocities. 

A  differential  g  \         the  (J-tnh  .  similar  to  those  shown  in 

Fig.  5,  p.  24,  answers  all  the  requiremei  and 

may  be  used  with  mercury  or  water.     The  gage  board  should 
graduated  to  0.01  ft.  and  the  graduations  should  i  <1  and 

gage  tubes.     For  flushing  the  rid  the  ad  f<>r 

regulating  the  height  of  the  air  columns  when  water  is  the  differential, 
there  should  be  a  pet  cock  at  the  end  of  each  3to]        -k> 

for  throttling  tic  gage  should  be  placed  Dear  the  ends  <>f  the  «;age 

tub  down  in  Pig.  .">. 

A    gage   that    may    be   quickly   Constructed    in    an    en  and 

the  essential  parts  of  which  are  easily  obtainable  ami  readily  portable 

l-  Bhown  in  Fig.  13.    The  glass  in!  than  a  ( 


1        I. 
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long.  The  piece  of  rubber  tubing  connecting  the  glass  tubes  makes  it 
possible  to  adjust  the  relative  height  of  the  tubes  to  suit  the  drop  in 
pressure  head.  The  gage  may  be  fixed  to  an  ordinary  leveling  rod  or 
may  be  fixed  to  a  plain  board  and  the  gage  height  measured  with  the 
ordinary  pocket  rule.  This  form  of  gage  is  not  suitable  for  high 
pressures  on  account  of  the  difficulty  of  making  tight  joints. 

If  the  pressure  openings  are  in  the  upper  side  of  the  pipe,  it  is 
important  that  provision  be  made  for  removing  air,  which  is  likely 
to  become  pocketed  on  either  side  of  the  orifice  and  in  the  gage  con- 
nections, without  forcing  it  through  the  hose  or  pipe  connecting  the 
pressure  openings  with  the  gage.  If  there  are  no  pressure  openings 
in  the  upper  side  of  the  pipe,  pet  cocks  should  be  inserted.  When 
opposite  openings  are  inserted  at  each  section  provision  should  be 
made  for  ascertaining  whether  or  not  the  tubes  are  free  from  ob- 
struction and  full  of  water.  Pig.  4,  p.  23,  illustrates  an  arrangement 
of  valves  and  pet  cocks  which  makes  this  possible. 

Preliminary  to  taking  observations,  with  water  flowing  in  the 
pipe,  all  cocks  should  be  opened  and  the  pipe  and  gage  connections 
should  be  flushed.  It  is  important  that  there  should  be  no  air  in  the 
pipe  in  the  vicinity  of  the  orifice,  nor  in  the  gage  connections,  for  the 
presence  of  air  is  likely  to  change  radically  the  gage  reading. 

If  the  foregoing  precautions  are  observed  under  favorable  condi- 
tions,  the  rate  of  discharge  as  measured  by  a  pipe  orifice  should  be 
accurate  within  2  per  cent.  This  means  compares  favorably  with  many 
other  methods  of  measuring  water.  For  unfavorable  conditions  the 
accuracy  of  the  method  will  be  as  great  as  with  most  other  methods 
under  similarlv  unfavorable  conditions. 
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l\".    Bffi  Deviation  pi 

20.    General  Remarks.     With  the  possibilities  of  utili/,. 
relation  between  drop  in  pressure  and  dischai  determinj 

rate  of  discharge  through  a  pipe  Line  in  mind,  it  is  important  tl 
Bomething  should  !)<•  known  concerning  the  efl 

from  the  standard  conditions  under  which  the  ther 

in  the  arrangement  or  design  of  the  apparatus  or  in  the  n 
handling  the  apparatus.    To  this  end  -  1 

with  gage  connections  fully  opened  and  then  with  gage  throttled, 
with  a  single  gage  connection  at  each  section,  first  with  the  nipple 
inserted  in  tip-  upper  side  of  the  pipe  and  then  in  the  dj  ;••.  (3) 

with  14 -inch  eccentricity  between  center  of  orifice  am 
first  with  a  Bingle  nipple  at  each  section,  and  then  with 
connection  of  two  opposite  nipples  tion,     \    with  15  degi 

d  orifices,  the  bevel  taring  upstream. 

HI.     Throttling.    The   purp  thrnttlm<_r   is   t<-   r- 

effect   of  momentary   i  re  fluctuations,   thereby  r  a 

constanl  discharge,  the  fluid  in  the  columns  of  the  differentia]  urage 
to  remain  in  a  nearly  stationary  position.    The  experiments  indi< 

that  for  value-  ol      ,  of  2  or  greater,  when  tl  re  no  - 

sur^t-N  along  the  pipe  line    Mich  as  might  1»"  caused  bj  pump  action  . 
there  \s  no  appreciable  reduction  in  the  magnitude  of  tic  accidei 

errors  of  observing  brought  about  by  throttling:  hut  than 

2,  when  the  region  of  greatly  disturbed  flow  (to  which  i 
previously  been  mad<  or  near  tl 

tion,  the  accidental  errors  may  be  rhal 

they  are  with  gage  connections  fullj  open.    The  results  of  the  tests 
also  make  it  clear  thai  likely  t«»  enter  into  the 

gc  readings  unless  the  throttling  is  doi  folly.     [1   I 

gage  is  throttled  too  mush  and  a  change  in  the  rat.'  of  flow  takes 
place,  it  is  Likely  to  !"•  several  minuto  columns  beco 

fully  adjusted   to   the  change   m    pr«  If  tin-   thruttlii 
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quickly,  a  gage  reading  taken  immediately  after  is  not  likely  to  rep- 
resent the  mean  difference  in  pressure  head. 

Briefly  summed  up,  the  experience  of  the  observers  warrants  the 
following  suggestions : 

(1)  Throttle  only  when  necessary,  which  in  general  will 
be  for  values  of  -=■  less  than  2,  unless  there  are  systematic  surges 

along  the  pipe  line. 

(2)  Throttling  too  much  is  often  worse  than  not  throttling 
at  all,  particularly  if  the  rate  of  discharge  is  variable.  Accurate 
observations  may  be  taken  when  there  is  a  considerable  fluctuation 
in  the  heights  of  the  gage  columns. 

(3)  When  throttling,  best  results  are  to  be  obtained  if  the 
throttle  cocks  are  opened  prior  to  each  observation  and  simul- 
taneously and  slowly  closed  the  desired  amount.  It  is  important 
that  there  should  be  no  leaks  in  the  gage  connections.  A  leakage 
of  a  few  drops  per  minute  from  the  throttle  cock  is  likely  to 
produce  a  large  error  in  gage  reading. 

(4)  When  using  the  water  gage,  observations  may  be  most 
nearly  accurately  taken  when  the  gage  is  so  throttled  that  the 
two  water  columns  fluctuate  the  same  amount  and  in  unison.  In 
general  this  arrangement  will  require  that  the  gage  column  con- 
nection for  the  section  of  greatest  contraction  be  throttled  more 
than  that  for  the  section  of  beginning  of  convergence. 

22.  Position  and  Number  of  Gage  Connections. — The  tests  to 
determine  the  effect  of  the  position  and  number  of  gage  connections 
warrant  the  following  statements : 

(1)  If  the  orifice  is  concentric  with  the  pipe,  a  change  in  the 
circumferential  position  of  the  pipe  nipples  inserted  at  the  section 
of  beginning  of  convergence  and  the  section  of  greatest  contrac- 
tion will  cause  no  variation  in  gage  readings.  If  only  one  nipple 
is  to  be  inserted  at  each  section,  there  is  an  advantage  in  placing 
it  in  the  under  side  of  the  pipe  if  air  is  present  in  the  discharge, 
and  in  the  upper  side  of  the  pipe  if  sediment  is  being  carried. 

(2)  For  -j  equal  to  2  or  more  there  is  no  material  advantage 
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in  having  more  than  one  pressure  open  in.  ion.     i 

-T  less  than  2  tlie  momentary  fluctuations  in  pressa 

by  the  gage,  may  be  appreciably  reduced  by  I  two  op 

openings  at  each  section,  these  being  connected  •  wn  in  1 

4,  p.  23.    It  seems  probable  thai  additional  opening         dd  still 
further  reduce  the  gage  fluctuatioi 

23.    Eccetitricit)/. — The  tests  to  determine  the  entrk 

ity  were  made  on  only  the  4-inch  pipe.    Ti.  otricity  wa  ach 

and  the  displacement  of  the  orifice  •  ftl    The  apparatus  s 

so  arranged  that  the  gage  could  be  made  t  in 

pressure  obtained  for  the  two  BC  -tion>  by  connecting  to  tl  :«-ntial 

gage  (a)  the  openings  in  tic  top  of  the  pipe,  (b)  the  openingi  in 
bottom  of  the  pipe,  and  (c)  all  four  openinj 

The  results  indicate  that  regardless  of  the 
tricity  of  as  much  as  D/lo"  will  produce  00  effect  on  g  tdings, 

provided  the  gage  is  connected  to  two  opposite  j 

each  section.    But  for  —  less  than  2  I  Qgfl  will  he  char:. 

considerably   when  the  gage  is  connected  to  a  rinj 

at  eacl  -u.    For  -  —1.5  this  eh  i  about  I  | 

-=1.2,  about  18  per  cent     It   BCCms  probable  that   a  .-••rrespond 

eccentricity  with  other  sizes  of  pipe  w>uld  produce  ■  rimilar 
Considering  the  difficulties  of  ascertaining  whether  or  oof  tic- 
is  properly  centered  under  tic  ordinary  conditio  the 
necessity  for  gage  connections  on  opposite  rides 

section,   when  —is  less  than  2,  will  be  readily  appreciated. 

The  effect  of  small  longitudinal  displacements  of  the  on« 

uectionfl  is  well  illustrated  by  the  curves  of  I  p.  20.      Et  is  < 

that  for       less  than  °.,  in  order  thai  no  |  -age 

dings  be  produced,  no  considerable  d  the  longitudina]  posi- 

tion of  the  pressure  openingi  for  the  lection  of  beginning  of  c 
mergence  may  be  made,  oor  may  the  pressure  ■  »;         - 
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of  greatest  contraction  be  placed  nearer  the  orifice  than  four-tenths 

the  diameter  of  the  pipe. 

24.  7m  vi  l-edged  Orifices. — The  method  of  conducting  tests  with 
bevel-edged  orifices  was  identical  with  that  used  in  determining  the 
relation  between  drop  in  pressure  and  discharge  for  thin  square-edged 
orifices.  Tests  were  made  on  4-inch  and  6-inch  pipe  with  five  sizes  of 
orifice  for  each  size  of  pipe.  For  each  of  the  two  series  of  tests  the 
ratios  of  diameter  of  pipe  to  diameter  of  orifice  were  1.22,  1.52,  2.03. 
3.01,  and  6.08. 

The  orifices  were  cut  in  3/16-inch  plates  with  the  upstream  edge 
on  a  45-degree  bevel.  The  thickness  of  metal  at  the  small  diameter 
of  each  orifice  was  1/32  inch,  and  the  large  diameter  was  5/16  inch 
greater  than  the  small  diameter. 

In  instituting  the  tests  the  thought  was  that  the  effect  of  the 
beveled   edge  might   go   to   produce   a   coefficient   of   discharge   less 

affected  by  small  changes  in  —  as  the  diameter  of  the  orifice  approaches 

that  of  the  pipe,  and  thus  make  it  practicable,  with  high  velocities,  to 
use  a  larger  sized  orifice  than  the  experiments  with  thin-plate  orifices 
indicate  may  be  used  with  precision. 

Table  7 
Coefficients  of  Discharge  for  Bevel-Edged  Orifices — C" 


D 

Coef.  of  Discharge 

a  s 

Coef.  of  Discharge 

d 

/lj,  =  0.0lAfe  =  0.1 

hb  =  i.o 

hb  =  io 

hb-50 

hb=om 

hb=o.i 

A6-1.0 

hb  =  io 

hb=50 

1  22 

l  r,2 

— 

0.870 
0.802 
0  77:i 
0.753 
0  766 

0.852 
0.784 
0 .  759 
0.741 
0.750 

0.832 
0.765 
0.745 
0.730 
0.745 

0.811 
0.747 
0.731 
0.718 
0.739 

0.800 
0.738 
0.724 
0.713 
0.737 

"  i 

CO 

0.8?0 
0.762 
0.735 
0.735 
0.746 

0.813 
0.744 
0.722 
0.724 
0.740 

0.795 
0.727 
0.709 
0.713 
0.735 

0.775 
0.709 
0.696 
0.702 
0.729 

0.764 
0.701 
0.690 
0.697 
0.727 

The  coefficients  of  discharge,  deduced  from  discharge  curves 
similar  to  those  of  Figs.  6  and  7,  pp.  28  and  29,  are  shown  in  Table  7. 
A  comparison  of  these  coefficients  with  corresponding  values  in  Table 
1.  I».  30.  will  show  that  the  effect  of  beveling  has  been  materially  to  in- 
crease the  coefficients  of  discharge  and  also  to  produce  a  coefficient  of 
discharge  that,  as  the  drop  in  pressure  head  increases  and  as  the  size 
of  pipe  increases,  decreases  much  more  rapidly.    In  Fig.  14  the  coeffi- 
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nts  of  Table  7  for  A      0.01  ft.  ami /u     10  ft.  are  pi 
ues  of  — .    A  comparison  <>t*  the  curve*  dra*  d  through  i  ith 

oomaponding  enrvea  for  square  .-.:  ■  2.  will 
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still  further  emphasize  the  extreme  variability  of  the  coefficients  of 
discharge   under   consideration.     As   an  offset   to   these   undesirable 

characteristics,  for  a  given  change  in  the  value  of  -7-  when  that  ratio 

is  less  than  2,  there  is  considerably  less  variation  in  the  coefficient 
of  discharge  for  the  bevel-edged  orifice  than  for  the  square-edged 

orifice.    This  statement  is  especially  true  for  values  of  -7  less  than  1.5, 

where  the  rate  of  change  for  the  bevel-edged  orifice  is  about  two- 
thirds  that  for  the  square-edged  orifice. 

It  is  worth  noting  that  the  coefficient  of  discharge  for  each  orifice 
approaches  that  for  the  corresponding  square-edged  orifice  as  the 
drop  in  pressure  head  increases,  and  that  the  rate  of  this  increase  be- 
comes greater  as  -=-  decreases  and  becomes  greater  as  the  diameter  of 
a 

the  pipe  increases.    For  example,  for  the  4-inch  pipe  and  -=-  =2.03  the 

variation  between  the  two  coefficients  of  discharge  is  17  per  cent  when 
7i&=0.1  ft.   and  15  per  cent  when  7*^=50  ft.;   for  the   6-inch  and 

■=  =2.03  the  variation  is  14  per  cent  when  /i^=0.1  ft.  and  12  per  cent 

when  hb=o0  ft. 

A  study  of  the  observations  indicates  that  the  accidental  errors 
of  reading  the  gage  are  about  the  same  for  the  bevel-edged  orifice  as 
for  the  square-edged  orifice.  The  systematic  errors,  however,  or  those 
which  will  not  be  eliminated  by  increasing  the  number  of  observations, 
are  those  to  which  most  attention  must  be  given ;  and  among  the  sources 

of  systematic  error  when  -y-  is  small,  that  source  most  likely  to  be  pro- 

ductive  of  the  greatest  error  in  the  computed  discharge  under  the  con- 
ditions of  ordinary  practice  seems  to  be  in  the  determination  of  the 

ratio  — •     Since  for  small  values  of  —  the  coefficient  of  discharge  for 
rel-edged  orifices  varies  less  for  a  given  change  in  -=■  than  does  the 

(If 

for  square-edged  orifices,  it  seems  reasonable  to  believe  that 
for  values  of  ^  loss  tnan  1.5  there  may  be  a  slight  advantage  in  using 
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the  bevel-edged  orifice,  although   the   present    experiment!  i 

sufficiently  comprehensn  infirm  fully  this 

The  curves  in  Pigs.  9  and  14  are  ol  ralue  ai  an  indication 
importance  of  having  •  0f  the  aqua         ged  orifice 

square  if  the  coefficients  of  dii  ■■  .,,,,,.  d  nnIi, 

pected  to  hold  good.     In  permanent  installal  this  frill  n 

important  that  the  orifice  plate  ho  ol  i  rial  which  do 

or  corrode  easily. 
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V.     Summary 

25.  General  Applicability  of  Pipe  Orifice  Method. — The  fore- 
going discussion  has  shown  that  the  thin-plate  orifice  inserted  in  a 
pipe  may  be  used  with  confidence  for  measuring  the  discharge  of  water 
through  pipes.  Like  nearly  all  methods  of  measuring  water  it  is 
subject  to  some  limitations  although  it  helps  to  fill  a  growing  need 
which  has  been  partly  filled  by  the  pitometer  and  by  the  injection  of 
chemicals.  The  pipe  orifice  is  in  effect  a  portable  Venturi  meter,  the 
disadvantage  of  the  pipe  orifice  being  the  relatively  large  lost  head 
caused  by  the  obstruction  of  the  orifice  plate ;  however  since  the  pipe 
orifice  method  is  probably  best  adapted  to  temporary  use  the  lost 
head  may  in  general  be  unimportant.  In  a  long  pipe  line  also  the 
lost  head  caused  by  the  orifice  would  be  relatively  small.  Cases  in 
which  the  pipe  orifice  should  be  of  particular  value  have  already  been 
suggested  in  the  introduction. 

Although  all  the  deductions  and  conclusions  given  in  this  sum- 
mary apply  to  the  measurement  of  water,  attention  should  be  called 
to  the  fact  that  the  pipe  orifice  is  adapted  to  measuring  the  discharge 
of  air,  gas,  and  steam  through  pipes. 

26.  Conclusions. — The  following  points  are  important  as  a  guide 
to  the  proper  use  of  the  pipe  orifice  method  of  measuring  the  discharge 
of  water  through  a  pipe: 

(1)  The  two  sections  of  the  pipe  between  which  .change  in 
pressure  head  may  be  most  reliably  determined  are  the  section  at 
which  normal  flow  is  discontinued  and  the  stream  begins  to  con- 
verge as  it  approaches  the  orifice  and  the  section  of  greatest  con- 
traction of  the  jet  after  it  leaves  the  orifice.  Kegardless  of  the 
size  of  pipe,  for  all  sizes  of  orifice  which  it  is  feasible  to  use,  the 
distance  from  the  plane  of  the  orifice  to  the  section  of  beginning 
of  convergence  may  be  taken  as  eight-tenths  the  pipe  diameter, 
arjd  the  distance  to  the  section  of  greatest  contraction  as  four- 
tenths  the  pipe  diameter  (section  11,  p.  21). 

(2)  The  drop  in  pressure  head  between  these  two  sections 
is  greater  than  that  to  be  found  for  any  other  two  sections  near 
the  orifice. 
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(3)  Having  given  the  measured  difference  m  the  ; 
sure  head  at  the  section  of  beginning  of  converge        ind  the 
sure  head  at  the  section  of  greatest  contraction  the  discharg 

be  determined  through  the  m  [nation    2  ,  p   12  igh 

the  use  of  equation  (6),  p,  35. 

(4)  The  coefficient  of  diaehai  -  osed  in  equation 

is  a  varial)le  quantity   .Table  4.  p.  30  .     Ii   decrease*  ifl  the  size 
of  pipe  increases;  it  decrea-  htly  a.s  the  drop  in   prom 

head  increases  ;  it  has  a  ininimuni  value  t'«»r  orifices  haying  a  diam- 
eter of  one-third  that  of  the  pipe  and  ino  ter 

of  the  orifice  becomes  greater  or  becomes  less  tl  third  the 

diameter  of  the  pip''. 

(5)  The  lost  head  caused  by  any  given  pe  in 
terms  of  the  velocity  in  the  pipe  may  be  determined  by  equation 
(3),  p.  13. 

(6)  The  lost  head  is  alw,  >  than  the  drop  in  pressure 
head  but  approaches  it  in  value  Bfl  the  rat  in  <>f  the  di,  of 
the  pipe  to  the  diameter  of  the  orifice  U                                             I). 

(7)  Due  to  the  fluctuations  of  the  liquid  in  tl 
the  systematic  error  of  reading  the  gage  inert 

the  diameter  of  the  pipe  to  that  of  the  orifice  deci  but  when 

that  ratio  3  \b  '2  or  neater  the  error  may  under  normal  condi* 
a 

tionsof  flow  be  reduced  to  a  negligible  quantity  by  a  proper  manip- 
ulation of  apparatus.     As  -  -  becom<  than  2  I  'al 

a 

error  of  reading  tli«'  gage  incn  ry  rapidly    section  l!».  p.  40) 

and  also  small  errors  in  the  measuremenl  of  the  di;.  the 

pipe  or  the  diameter  of  the  orifl  likely  to  be  ostanl 

sources  of  an  error  of  increasing  magnitude  in  the  computed  d 
charge  (section  14,  p.  34),    The  indications  are  that,  | 

conditions  of  flow  and  with  ear*'  in  installing  tb-'  SppS  in 

observing,  discharge  may  be  determined  generally  within  2  1 

c.-iit  when  the  diamet-r  of  the  oritiee  i^  not  in 

thai  of  tb.-  pipe,  but  this 

maximum  that  can  be  used  except   for  approximate  determu 

t ions  of  discharge.    When  the  magnitude  of  the  [oat  bead 

the  Controlling  factor  in  the  choi< f  size  of 
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are  likely  to  be  obtained  if  the  diameter  of  the  orifice  is  not  greater 
than  one-half  that  of  the  pipe. 

(8)  For  orifices  having  a  diameter  greater  than  one-half 
that  of  the  pipe  the  use  of  two  opposite  pressure  openings  at  each 
section  is  important  because  of  the  probability  of  the  orifice  being 
somewhat  eccentric  with  the  pipe,  unless  greater  care  is  taken  in 
placing  the  orifice  than  will  usually  be  found  practicable  (sections 

22,  p.  44,  and  23,  p.  45).     Systematic  errors  of  observing  may  be 
greatly  reduced  hy  proper  throttling   (section  21,  p.  43). 

(9)  The  coefficient  of  discharge  for  bevel-edged  orifices  is 
a  much  more  variable  quantity  and  is  materially  greater  than  the 
coefficient  of  discharge  for  thin  square-edged  orifices.  The  use  of 
the  bevel-edged  orifice  seems  not  to  be  practicable,  except  for 
approximate  measurements  when  the  orifice  diameter  is  greater 
than  two-thirds  of  the  pipe  diameter  (section  24,  p.  46). 
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PASSENGER  TRAIN   RESISTANT  E 


I.      I".  OH 

1.     Preliminary  8i  I  Rail 

aeering  of  the  University  of  Illii. 

perimentfl  to  determine  the  t ra<-t i\ •*  resistance  of  steam  rail* 
and  electric  railway  mi  rs.1     The  results  relating  I  DO  rail- 

ways thus  i'ai-  j)ul)lish.'d  have  applied  <»niy  to  freight  trains.     This 
bulletin  j  -  for  the  first  time  the  results  of  the  experimenti  with 

passenger  trains.    These  experiment  in  in  1908  on  li. 

local  train>  and  were  resumed  during  the  Bpring  and  summ< 
on  heavy  equipment  in  through  j  ice. 

The  results  here  presented  define  tl  of  the  trains 

tested  throughout  the  ordinary   ran^e  d   of   ; 

The  fact  i  made  clear  that  in  passeng 

resistance  expressed  in  pounds  per  ton  varies  with  the  si 
of  the  cars  composing  the  train,  being  >r  trains  made  uj 

cars  than  it  is  for  trains  of  1  i ^r  1 1 1  ears.    A  ight  tan 

sistance,  this  influence  of  car  weight  has  been  recognized  f«>r 

years,  and  this  recognition  found  application  in   freight   - 

making  ot"  tonnage  ratings  even  befon aplete  experimental  «i 

were  at   hand.     Today  tonnage  ratings  almost   mi; 

distinctions  based  upon  this  influence  tit. 

It   has   ilwa;  aed    likely   that    the   Bpecitic    resist;,!,, 

senger  trains  was  similarly  affected  by  the  weight  of  tl. 

train.     Notwithstanding  this  probability,  hon 

car  weight  lias  frequently  been  ignored  in  dealing  with  problems  in 

passenger  train   rest  It    is  embodied   in  on 

mnlas  currently  nsed  for  that  purpose,  and  even  in  i  I  these 

influence  gnized  only  to  the  extent  to  which 


titled    "Frrifht    Train  f»C 

Hull." 

of  ■  2 8  ton  Electric 

Hull. -tii. 

Kl.'«-tric   Car,"    1  '  I  • 
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resistance  component  of  net  resistance,  its  effect  on  journal  and  roll- 
ing resistance  being  neglected.  This  situation  has  arisen  primarily 
because  of  the  lack  of  experimental  data  applying  to  passenger  cars 
of  different  weights,  and  because  the  problems  requiring  the  predic- 
tion of  passenger  train  resistance  have  not  the  economic  importance 
of  similar  problems  arising  in  connection  with  freight  trains.  The 
error  involved  by  ignoring  car  weight  is  not,  however,  so  great  in  the 
former  case  as  in  the  latter ;  for  while  passenger  cars  ordinarily  vary 
in  gross  weight  only  from  about  thirty-five  to  sixty-five  tons,  the  cor- 
responding range  in  freight  service  is  from  about  eighteen  to  ninety- 
eight  tons.  Despite  this  difference  in  the  necessity  of  accurately 
determining  resistance  in  the  two  instances,  the  prediction  of  passenger 
train  resistance  is  nevertheless  important,  and  data  such  as  are  here 
presented  have  been  needed. 

The  results  here  set  forth  define  the  resistance  of  passenger  trains 
made  up  of  cars  ranging  in  average  weight  from  thirty-three  to 
seventy-one  tons,  and,  it  is  believed,  present  for  the  first  time  full 
experimental  data  showing  the  influence  of  car  weight  on  the  resist- 
ance of  entire  steam  railroad  passenger  trains  throughout  the  range 
of  car  weight  now  prevalent  in  American  practice.*  Throughout  this 
bulletin  the  terms  "resistance,"  "net  resistance,"  and  "specific  re- 
sistance" mean  the  number  of  pounds  of  tractive  force  required  for 
each  ton  of  train  weight  in  order  to  keep  the  train  moving  at  uniform 
speed  on  straight  level  track.  Ordinarily  these  terms  apply  to  re- 
sistance in  still  air.  Here,  however,  they  include  the  effects  on  resist- 
ance of  such  winds  as  prevailed  during  the  tests,  which,  as  later 
appears,  were  from  various  directions  and  of  velocities  as  high  as 
thirty-one  miles  per  hour.  The  bulletin  deals  exclusively  with  the 
resistance  of  the  cars  alone — locomotive  and  tender  resistance  were 
not  measured  and  are  not  discussed. 

The  results  of  the  last  eighteen  tests  included  in  this  report  were 
separately  summarized  and  discussed  in  a  paper  on  "Passenger  Train 
Resistance"  published  in  February,  1917  in  Bulletin  194  of  the  Amer- 
ican Railway  Engineering  Association. 

2.  Acknowledgments. — Through  the  courtesy  of  W.  L.  Park, 
Vice  President,  and  R.  W.  Bell,  General  Superintendent  of  Motive 
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II.     Summary 

At  the  expense  of  some  duplication  of  statement,  the  following 
summary  is  presented  at  this  point  in  order  to  provide  a  general  view 
of  the  work. 

3.  The  Trains. — The  tests  were  undertaken  to  measure  the  re- 
sistance of  passenger  trains  at  all  speeds  up  to  seventy  miles  per  hour 
and  for  average  car  weights  varying  throughout  the  entire  current 
range  in  weight.  The  chief  characteristics  of  the  twenty-eight  trains 
tested  were  as  follows : 

Minimum     Maximum 

Total  weight  (excluding  locomotive  and  tender), 

tons 138  727 

Number  of  cars  in  the  train 4          12 

Average  gross  weight  per  car,  tons     .      .      .      .  33.6       71.1 

Nine  of  these  trains  were  in  "local"  service,  the  others  in 
"through"  service.  Of  the  240  cars  composing  these  twenty-eight 
trains,  178  had  six-wheel  trucks,  and  62  had  four-wheel  trucks. 

4.  The  Track. — The  experiments  were  made  upon  well  con- 
structed and  well  maintained  main  line  track,  nearly  all  of  which  is 
laid  with  either  85-pound  or  90-pound  rail.  Except  through  station 
grounds  where  screenings  or  cinders  are  used  for  ballast,  the  track  is 
ballasted  with  broken  stone. 

# 

5.  The  Results. — The  average  values  of  the  resistance  of  the 
trains  tested  are  defined  by  the  curves  of  Fig.  9.  From  these  curves 
has  been  prepared  Table  3,  which  shows  probable  average  values  of  re- 
sistance for  passenger  trains  composed  of  cars  varying  in  weight  from 
thirty  to  seventy-five  tons,  and  at  speeds  ranging  from  five  to  seventy- 
five  miles  per  hour.  Individual  trains  will  occasionally  be  met  with 
whose  general  average  resistance  will  exceed  the  values  previously  de- 
fined by  from  8  to  10  per  cent. 
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The  tests  were  made  in  fair  and  moderate  r  dur- 

ing which  the  maximum  wind  velocity  eneonntered  al  any  time  was, 
with  one  exception,  twenty-five  miles  per  hour.    1 
ably  safely  applicable  to  |  _•  er  trains  rnnning  and 

tions  of  track  and  weather.    They  should  not,  I  or,  be  appl 

without  modification  to  trains  running  under  jrid  di- 

tions. 
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III.     The  Trains,  The  Track  and  The  Test  Car 

6.  The  Trains  Tested. — The  twenty-eight  passenger  trains  in- 
cluded in  the  report  were  tested  in  two  series.  Series  I  comprises  ten 
tests  which  were  made  in  1908-1909  in  conjunction  with  freight  resist- 
ance tests  then  in  progress.  At  that  time  the  test  car  was  operated 
from  Champaign  to  Mattoon,  Illinois,  in  freight  service  and  it  was 
usually  returned  in  local  passenger  train  No.  24  from  Mattoon  to 
Champaign.  The  test  car  was  operated  upon  one  occasion  at  this 
period  in  through  train  No.  5,  and  Series  I  includes,  therefore,  nine 
runs  with  train  24  and  one  with  train  5.  The  average  weight  of  the 
cars  in  train  24  varied  during  the  nine  tests  then  made  only  from 
33.6  to  40.7  tons,  and  the  results  based  on  this  limited  range  in  weight 
did  not  warrant  generalizations.  The  opportunity  to  continue  the 
tests  with  heavy  trains  did  not  present  itself  until  May  of  1916  when 
the  work  was  resumed  and  continued  during  the  summer  with  trains 
No.  5  and  No.  2.  Eleven  tests  were  then  made  with  train  No.  5,  ' '  Fast 
Mail,"  running  from  Champaign  to  Centralia,  and  seven  tests  with 
train  No.  2,  ' '  Through  Mail, ' '  running  from  Centralia  to  Champaign. 
These  eighteen  tests  constitute  Series  2. 

Considering  both  series  together  the  range  in  train  weight  was 
from  138  to  727  tons,  in  average  car  weight  from  33.6  to  71.1  tons,  and 
the  number  of  cars  per  train  varied  from  4  to  12.  For  each  of  the 
three  classes  of  trains  the  variations  in  train  weight,  car  weight,  num- 
ber of  cars,  and  truck  construction  were  as  follows : 


Train 
No. 

Number 

of  Trains 

Tested 

Gross  Weight  of 
Train,  Tons 

Average  Weight 
per  Car,  Tons 

Number  of  Cars 
in  the  Train 

Number  of  Cars 

per  Train 

Having  4-wheel 

Trucks 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

24 
5 
2 

9 
12 

7 

138.0 
370.0 
549.0 

234.2 
615.5 
727.0 

33.60 
46.32 
63.49 

40.70 
55.90 
71.10 

4 
10 

8 

6 
12 
11 

3 
2 
0 

4 
3 
2 

Similar  data  and  other  details  concerning  the  make-up  of  each  of 
the  trains  are  presented  in  Table  1. 
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Train  No.  2  I 
Champaign  in  1  hour  and  22  minir 
per  hour.    Atypical  running  time  (or  this  train  is  1  ] 

utes,  equivalent  to  a  running  ap 1  ol 

No.  5  is  allowed  by  the  schedule  :i  hours  and  35  mil 

124.5  miles  from  Champaign  to  Centralia;  tfa 

34.8  miles  per  hour,    [to  running  thn<  mutes, 

which  correspond^  to  a  running  - 

No.  2  is  scheduled  between  Centralia  and  < 

5  minutes,  a  schedule  Bpeed  of  I'M  miles  | 

typical  running  time,  2  hours  and  :»7  minul 

ning  speed  of  47. o  mill'-  per  hour. 

In  eight  of  the  nine  testa  of  train  24 
mometer  car  itself  is  included  in  the  i  1  its  v. 

in  the  train  weight.     The  weight   of  thi 

not  greatly  different  from  the  av<  i  in  thii 

and  its  inclusion  has  Lowered  only  >1  lirlit  1  \-  the 
The  test  ear  weight  is  likewise  included  in  fl 
2  and  5,  and  in  these  instanot  datively  li| 

appreciably  the  normal  a\  weight       •      •  lr- 

teen  tests  the  dynamometer  car  was  coupled  with 
bar  toward  the  rear  of  tic  train,  and  in  til- 
ls excluded  from  tl.  Its 

eluded  from  the  train  n  and  ha  .ige 

car  weights. 

The  i  ghta  of  al!  can  a •  from  1 1 

Illinois  Central  Railroad  and  the  Pullman  Compj 
the  ear  loads  pa  counted  and 

weights   "1"   l>a'_r'_M'_r''   and    mail    W 

inspection  and  count  of  the  '■ess 

was  determined  bj  reference  to  the  bi   i,  sup] 

and  estimate.     The  error  entailed  ley  1 1 1 • 

aed  fifteen  per  sent  of  the  weight  of  the  all 

the   trains   the   maximum   load   amount.'. 1    to   'eih    I 

gross  train  weight,  the  maximum  error  m  greet  train 
caused  by  inaccuracies  in  the  pruces-.-s   i      ribed  is  leas  i 

Of   tie  f   trains   tested.    local    ti  ' 

lowest    aV(  jht   and.   natural  of 
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four-wheel  truck  cars.  Of  the  45  cars  composing  these  nine  local 
trains,  28  (or  62  per  cent)  had  four-wheel  trucks.  In  the  twelve 
trains  No.  5  there  were  included  altogether  129  cars,  of  which  27  (or 
21  per  cent)  were  equipped  with  four-wheel  trucks.  Train  No.  2  had 
the  heaviest  cars  and  the  smallest  proportion  of  four-wheel  truck  cars. 
The  seven  trains  of  this  class  included  66  cars,  of  which  only  7  (or 
10.6  per  cent)  had  four-wheel  trucks.  All  other  cars  in  the  three 
classes  of  trains  had  six-wheel  trucks. 

Since  car  weight  affects  the  specific  resistance,  not  only  through 
its  influence  on  air  resistance,  but  through  its  influence  on  journal  and 
rolling  resistance  as  well,  there  is  apparently  an  inconsistency  in 
method  in  grouping — as  is  done  in  this  report — trains  including  both 
four-wheel  and  six-wheel  truck  cars,  and  especially  in  thus  grouping 
trains  which  have  in  their  make-up  different  proportions  of  the  two 
kinds  of  trucks.  This  apparent  inconsistency,  considering  the  purpose 
of  the  investigation,  is  not  so  objectionable  as  may  appear.  It  was  not 
possible  under  the  conditions  under  which  the  tests  were  made  to 
control  the  make-up  of  the  trains.  The  tests  had  to  be  made  in  regular 
service  and  the  trains  had  to  be  accepted  with  their  usual  make-up. 
This  limitation  has  not  defeated  the  main  purpose  of  the  tests,  for 
they  were  undertaken,  not  to  distinguish  the  resistance  of  four-wheel 
and  six-wheel  truck  cars,  but  to  measure  the  resistance  of  ordinary 
passenger  trains  of  widely  different  average  car  weight;  and  wide 
variation  in  car  weight  carries  with  it,  in  American  practice,  a  varia- 
tion in  truck  construction  similar  to  that  encountered  in  the  trains 
here  discussed.  Any  train  of  35  to  40  tons  average  car  weight  is  sure 
to  include  in  its  make-up  four-wheel  truck  cars, — and  in  about  the 
proportion  which  prevailed  in  these  tests.  Even  the  heaviest  through 
trains  are  likely  occasionally  to  include  a  car  or  two  with  four-wheel 
trucks,  as  was  the  case  with  Train  No.  2. 

7.  The  Track. — The  track,  formerly  part  of  one  of  the  oldest 
single-track  lines  in  the  State,  was  converted  about  twenty  years  ago 
into  a  double-track  road.  The  roadbed  is  in  good  condition  and  the 
drainage  in  general  is  excellent.  The  track  was  especially  surveyed 
for  the  purposes  of  these  tests. 

Except  on  a  few  short  stretches  through  station  grounds,  where 
cinders  and  screenings  are  used  for  ballast,  both  tracks  are  ballasted 
with  broken  limestone.    The  cross-ties,  6  inches  by  8  inches  by  8  feet, 


PAS  1", 

are  spaced  about  -<)  u  d  eenten  and 

oak,  treated  soft  wood  or  untreated  white  <»ak 

southbound  track  are  laid  with  90-pound  rail 

Association  section,  while  the  remaining  ->\  5  miles  .:  ;  with  S 

pound  rail  of  American  Society  of  Civil  Kiurin 

of  the  northbound  track  are  laid  nil  onnd  rail  of  Ami 

ciety  of  Civil  Engineei  ion,  while  the  remainiii  miles  are 

laid  with  90-pound  rail  of  American  Kail w;  n.    All 

rails  are  laid  with  broken  joints  supported  mi 

months  of  the  year  there  is  employed  in  maintainiiu:  t: 

the  road  a  force  of  men  averaging  one  man  per  mile  of 

the  remaining  four  months  this  ;  me  mai 

two  miles. 

8.     TJu    Tesi  Car.    The  dynan  r  used  in  theae  • 

ments  has  been  described  in  detail  in  Bulletin   • 

Experiment   Station  of  the  University  of  Illinois  and  in  the  /. 

Ag(  Gazette  for  February  1!'.  1909.    Tl  thin 

the  car  prod  mtinuoufl  graphical  records  <>f  th- 

of  the  train,  speed,  time,  brake  cylinder  pressure,  win  I 

velocity,  and  location  of  mile  poets  and  other  reference  i  A 

reproduction  of  one  of  ti  Is  is  given  in  Bulletin 

previously  mentioned.     When  supplemented  by  an  accural 

and  train  data,  tl  cords  permil  the  calculation  of  tra 

at  any  point  on  on  the  road.    The  methods  by  which  these  i 

eulations  were  made  and  the  precaution! 

are  explained  Later. 
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IV.     Test  Conditions,  Methods  and  Calculations 

9.  Test  Conditions. — In  Table  1  are  set  forth  for  each  test  the 
weather  conditions,  the  average  velocity  and  the  direction  of  the  wind, 
and  the  air  temperatures  prevailing  at  the  beginning  and  at  the  end 
of  the  test.  "With  only  two  exceptions  the  tests  were  made  on  fair 
days  and  in  moderate  or  warm  weather.  The  average  air  temperature 
varied  from  40  degrees  F.  during  one  test  to  93  degrees  F.  in  another. 
The  average  wind  velocity  was  20  m.  p.  h.  or  less  during  all  but  three 
tests.  During  two  tests  the  average  wind  velocity  was  25  m.  p.  h.  and 
on  only  one  it  was  31  m.  p.  h. 

While  the  wind  velocity  was  recorded  for  each  test,  the  uncertain- 
ties regarding  its  influence  have  made  a  definite  evaluation  of  its  share 
of  the  total  resistance  impracticable.  It  has  seemed  necessary,  there- 
fore, to  regard  the  wind  velocity  as  one  of  the  incidental  variables 
which  is  likely  to  be  met  with  in  train  operation  and  which  should 
be  included  in  the  final  resistance  values.  It  has,  accordingly,  been  in- 
cluded and  the  terms  "resistance"  and  "specific  resistance"  as  here 
used  include  the  resistance  due  to  such  winds  as  prevailed  during  the 
tests. 

10.  Test  Methods. — As  has  already  been  stated  the  tests  were 
run  in  regular  service,  no  attempt  being  made  to  modify  schedules  or 
to  control  speed.  During  each  test  the  data  cited  in  the  description 
of  the  test  car  were  produced  and  from  them  resistance  was  calculated 
for  as  great  a  variety  of  speeds  as  the  records  presented.  These  re- 
sistance values  were  then  plotted  in  a  diagram  such  as  any  one  of  the 
curves  in  Fig.  1,  which  shows  for  the  train  in  question  the  relation 
between  resistance  and  speed.  The  production  of  such  a  diagram 
was  the  immediate  purpose  of  each  test,  and  it  was  the  expectation 
that  when  the  resistance-speed  curves  of  the  individual  tests  were 
brought  together,  analysis  of  the  curves  would  reveal  the  relations  ex- 
isting between  train  resistance  and  car  weight. 

The  pressure  in  the  brake  cylinder  was  recorded  merely  to  make 
it  possible  to  distinguish  the  periods  when  the  brakes  were  applied,  it 
being  obviously  necessary  to  avoid  such  portions  of  the  record  when 
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choosing  sections  for  calculation.  The  wind  velocity  and  direction 
relative  to  the  test  car  were  obtained  by  means  of  an  anemometer  and 
windvane  mounted  on  its  roof.  When  compounded  with  the  known 
speed  and  direction  of  motion  of  the  car,  these  data  permit  the  deter- 
in  ination  of  the  actual  wind  direction  and  wind  velocity  with  respect 
to  the  track.  The  location  of  the  test  car  upon  the  road  was  defined 
by  marking  upon  the  chart  the  position  of  mile  posts  and  stations  at  the 
moment  they  were  passed  by  the  car.  This  record  makes  it  possible 
to  correlate  any  portion  of  the  chart  with  the  road  profile.  In  addi- 
tion to  the  weight  of  the  train  there  were  recorded  its  length,  the  car 
names  and  numbers,  and  facts  concerning  the  truck  construction. 

11.  Methods  Employed  in  Calculating  the  Results. — To  produce 
for  each  train  the  resistance-speed  curve  referred  to  in  the  preceding 
section  involves  calculating  the  train  resistance  at  various  positions 
of  the  train  upon  the  track,  and  the  first  step  towards  this  end  is  the 
inspection  of  the  test  car  record  in  order  to  select  suitable  points  or 
sections  at  which  the  resistance  may  be  calculated.  The  considerations 
of  most  importance  in  this  selection  are  that  the  points  represent  final- 
ly as  great  a  speed  range  as  possible  and  that  the  speeds  be  approx- 
imately evenly  distributed  within  this  range.  Points  and  sections  were 
selected  only  where  the  entire  train  was  running  and  continued  to  run 
upon  straight  track ;  resistance  due  to  track  curvature  is  therefore  en- 
tirely eliminated.  The  data  essential  to  the  process  of  calculation  are 
the  drawbar  pull  of  the  engine,  the  train  speed  and  its  acceleration,  the 
tonnage,  and  the  profile.  The  pull  and  the  speed,  as  previously  stated, 
are  determined  from  continuous  curves  drawn  on  the  test  car  chart. 
Two  processes  have  been  used,  designated  here  as  method  1  and  method 
2.  By  method  1,  the  momentary  values  of  pull,  speed,  acceleration, 
and  grade  were  determined  for  a  particular  position  of  the  train  upon 
the  road;  by  method  2  the  average  values  of  these  quantities  were 
determined  for  the  period  during  which  the  test  car  was  passing  over 
a  definite  section  of  the  track. 

Under  method  1,  the  point  on  the  road  having  been  chosen,  the 
pull  and  the  speed  were  found  by  direct  readings  from  the  chart.  This 
pull  divided  by  the  tonnage  gives  the  gross  train  resistance  at  this 
speed,  and  this  gross  resistance  was  then  corrected  for  both  accelera- 
tion and  grade  resistances.  The  acceleration  was  determined  by  graph- 
ical methods  from  the  speed  curve,  and  the  grade  was  found  by  cor- 
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relating  the  position  of  the  train  with  the  pi  all 

selected  so  that  at  the  moment  under 
on  a  nearly  uniform  grade.    Method  1  i 
train  resistance  at  the  points  considers 

By  method  2  the  a\  ain  res 

for  the  period  during  which  the  teal  d  was 

passing  a  b  I  section  of  the  track.    This  track  sect 

to  a  certain  Length  on  the  teal  car  record.    The  section  was  - 
that  the  Bpeed  of  the  car  when  entering  s  ks  speed  at 

exit  and  moreover  bo  that  n naiderab] 

during  transit  over  the  section.    These  poi 

been  chosen,  the  a.  pull  was  ad  by 

average  ordinate  of  the  curve  of  drawbar  pull,  and  tl  age  ip 

was  found  by  means  of  the  section  length  and  the  tin.  oss 

ristance  in  pounds  per  ton  was  next  derived  by  divid 
of  pull  by  the  tonnage,  and  this  gross  resistance  was  accon 

••■tl  for  the  resistances  due  to  ace  n  and  grade,  as  in  i 

1.    In  tlii-  the  average  acceleration  is  found 

the  speeds  at  entrance  to  and  exit  from  the  section.    1 1 
for  grade,  the  elevation  of  the  eei  tin  was 

mined  for  that  position  of  the  train  at  which  I 

ition,  and  again  Eor  the  position  at  which  I  left  the  >• 

The  difference  between  these  elevatii  tablishe 

age  grade,  which  either  helps  or  < » p i ■ 
passes  the  section    Tl 

train  may  not  be  determined  with  sufficient  accuracy  unless 
at  the  moment  is  on  a  practically  uniform  grade.    '1 
wen  then  a.    Method  2  results  in  . 

resistance  for  the  wotragi  s\ 1  at  winch  I  d  passes  the  sect 

under  consideration     It  would  be  rigidly 
varied  uniformly  with  speed,  in  other  words,  if  U 

relation  of  n  | 1  were  a 

ifl  not   the  relation,  and  tin*   pm 

arc  slightly  in  error.    Aj  previously  .  the  si  was 

cho  that  the  difference  n  tic 

t  from  the  section  was  small,  and  \'<>y  tl 
l>y  this  difference,  tl"'  curve  of  tram  res  si  but  littl 

tight  line.    Such  •  m  does  result  from  |  there- 

fore, very  small,  and  ii  of  no  moment  i 
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variations,  due  to  natural  causes,  which  occur  in  the  resistance  itself. 

The  two  methods  are  fundamentally  alike.  Although  the  first  is 
the  less  laborious,  it  requires  the  determination  of  acceleration  at  a 
point  on  the  speed  curve,  which  is  occasionally  difficult  to  make  ac- 
curately. Method  2  is,  accordingly,  generally  preferable,  and  it  is 
also  to  be  preferred  because  it  deals  with  average  values  and  there- 
fore tends  to  eliminate  from  the  results  the  incidental  momentary 
variations  which  frequently  occur  in  train  resistance.  Method  2  has 
consequently  been  used  during  these  tests  whenever  it  was  possible  to 
do  so,  but  it  has  been  necessary  occasionally  to  resort  to  the  use  of 
method  1,  especially  for  the  determination  of  resistance  at  low  speed, 
because  in  passenger  service  low  speeds  are  rarely  maintained  for  a 
long  enough  period  to  permit  the  use  of  the  second  method.  Of  all 
the  resistance  values  included  in  this  report  only  about  16  per  cent 
were  derived  by  method  1.  These  values  are  represented  in  the  resist- 
ance speed  diagrams  by  the  circles,  whereas  values  derived  by  method 
2  are  represented  by  the  black  dots. 

In  general  the  methods  used  during  these  tests  were  like  those 
set  forth  in  Bulletin  43  of  the  Engineering  Experiment  Station  of 
the  University  of  Illinois  and  described  in  detail  in  sections  11  to  15 
and  in  Appendix  4  of  that  bulletin.  The  precautions  taken  to  ensure 
accuracy  which  are  there  described,  particularly  in  the  determination 
of  the  acceleration  corrections,  were  strictly  observed  in  these  experi- 
ments. 

12.  The  Derivation  of  the  Resistance  Curves. — The  calculations 
result,  for  each  test,  in  a  series  of  values  of  net  train  resistance  at  a 
variety  of  speeds.  These  values  of  resistance  were  plotted  with  respect 
to  speed,  and  gave  such  a  diagram  as  in  Fig.  1.  The  curve,  such  as  is 
shown  there,  was  next  drawn  to  express,  for  the  test  in  question,  the 
relation  existing  between  resistance  and  speed.  In  order  to  draw  this 
curve,  the  plotted  points  were  assumed  to  be  arranged  in  a  number 
of  groups,  and  for  each  group  the  averages  of  the  values  of  speed  and 
of  resistance  were  determined.  By  these  averages  a  new  point  or 
"center  of  gravity"  of  the  group  was  then  plotted.  The  curve  was 
drawn  by  confining  attention  to  the  few  points  thus  determined. 
The  groups  0f  points  were  arbitrarily  selected  so  that  the  resulting 
" centers  of  gravity'3  would  be  distributed  nearly  equidistantly 
throughout  the  speed  range.  All  curves  presented  in  the  report,  ex- 
eept  those  shown  in  Fig.  9,  were  drawn  by  this  process. 
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There  is  considerable  variation  among  the  points  on  the  individual 
plots  of  Figs.  1  to  5,  as  well  as  considerable  variation  of  the  points 
from  the  mean  denned  by  the  curves.  It  is  possible  that  part  of  this 
variation  niay  be  due  to  accumulated  errors  in  instruments  or  in  the 
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Fig.  2.    Diagrams  Showing  the  Eelation  between  Train  Eesistance 
and  Speed  for  Four  Trains 


calculations,  but  since  every  precaution  was  taken  to  avoid  such  errors, 
they  are  undoubtedly  of  little  consequence.  The  data,  particularly 
for  certain  tests  during  which  wind  conditions  changed  considerably, 
indicate  that  the  usual  variations  in  the  direction  and  velocity  of  the 
wind  during  any  test  are  sufficient  to  account  for  the  differences  in 
train  resistance  shown  in  these  figures.  Variations  in  such  other  com- 
ponents of  train  resistance  as  journal  friction  and  oscillatory  resist- 
ances are  also  undoubtedly  accountable  in  a  large  degree  for  the 
differences  discussed.  The  data  do  not  afford  a  means  of  evaluating 
the  influence  of  such  components  of  resistance. 

14.  Results  of  All  the  Tests. — The  twenty-eight  curves  from 
Figs.  1  to  5  have  been  brought  together  in  Fig.  6  which  embodies, 
therefore,  the  immediate  results  of  all  the  tests.     These  curves  make 
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average  ear  weight  was  69.8  tons.  These  facts  serve  as  a  rough  in- 
dication of  the  part  played  by  car  weight  in  effecting  changes  in  train 
resistance.  As  has  been  previously  stated,  this  conclusion  was  anti- 
cipated when  the  work  was  begun  and  tests  were  made  therefore  with 
trains  which  cover  the  ordinary  range  of  passenger  car  weight. 
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Fig.  4.     Diagrams  Showing  the  Eelation  between  Train  Eesistance 

and  Speed  for  Six  Trains 


If  in  Pig.  6  at  the  point  corresponding  to  20  miles  per  hour  a 

rpendicnlar  is  erected,  it  will  cut  the  curves  in  twenty-eight  points, 

h  of  which  pertains  to  a  particular  train  and  defines  for  that  train 

the  average  value  of  resistance  at  a  speed  of  20  miles  per  hour.     If 

each  of  these  resistance  values  is  plotted  with  respect  to  the  average 
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miles  per  hour  exists  between  :ice  and  average 
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Both  Fig.  7  and  Table  2  show  that  the  points  on  the  individual 
plots  fall  into  three  groups.  The  group  having  the  lowest  average 
car  weight  was  obtained  from  tests  made  on  local  train  number  24 
which  has  been  described  on  page  12  and  in  Table  1.  It  has  been 
noted  that  the  number  of  cars  in  these  trains  having  four-wheel  trucks 
varied  from  50  per  cent  to  80  per  cent.  The  intermediate  group  of 
points  was  derived  from  tests  with  train  number  5  in  which  the  num- 
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Fig.  6.    Curves  Showing  the  Eelation  between  Train  Besistance  and 
Speed   for   the    Twenty-eight    Trains    Tested 

ber  of  cars  having  four-wheel  trucks  varied  from  18  per  cent  to  27 
per  cent.  The  group  of  points  pertaining  to  trains  having  a  high 
average  car  weight  applies  to  tests  made  on  train  number  2  in  which 
the  number  of  cars  having  four-wheel  trucks  varied  from  0  per  cent 
to  20  per  cent. 

In  considering  the  variation  among  the  points  on  the  individual 
plots  of  Pig.  7  it  should  be  borne  in  mind  that  each  point  represents 
the  average  resistance  of  a  particular  train  at  a  given  speed.  With 
the  exception  of  test  number  4  which  results  in  abnormally  low  re- 
sistance values  the  average  variation  of  all  the  points  from  the  mean 
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curves  is  8  per  cent    There  are  three  •rains  which 

resistances  greater  than  20  per  cent  ah  below 

The  majority,  ho 
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such  as  wind  and  temperature  as  well  as  to  variations  in  train  con- 
dition and  make  up.  Variations  similar  to  those  recorded  in  the  fore- 
going table  may  be  expected  with  any  train. 


Table  2 

Values  of  Resistance   at  Various  Speeds  Derived   from  the  Curves  for 

The  Individual  Tests 

This  table  provides  the  coordinates  of  the  points  plotted  in  Fig.  7 


Train  Resistance — Pounds  per  Toe 

Test 

Weight 
per  Car 

No. 

Tons 

10 

20 

30 

40  * 

50 

60  * 

70 

M.  P.  H. 

M.  P.  H. 

M.  P.  H. 

M.  P.  H. 

M.  P.  H. 

M.  P.  H. 

M.  P.  H. 

8 

33.60 

6.83 

8.00 

9.30 

10.80 

12.56 

14.72 

9 

34.50 

7.01 

7.90 

8.90 

10.00 

11.39 

13.00 

3 

37.02 

7.35 

7.61 

8.03 

8.73 

9.91 

10.50 

6 

37.10 

6.45 

6.90 

7.43 

8.18 

9.30 

10.67 

7 

37.12 

7.47 

7.90 

8.42 

9.10 

9.91 

10.92 

5 

37.90 

5.70 

6.70 

7.80 

9.05 

10.58 

12.38 

4 

39.03 

4.90 

5.72 

6.73 

8.00 

9.90 

1 

40.58 

8.23 

8.89 

9.65 

10.60 

11.78 

2 

40.70 

7.81 

8.80 

10.00 

11.35 

13.00 

10 

46.32 

6.42 

6.93 

7.57 

8.42 

9.76 

11.68 

21 

48.65 

5.44 

5.70 

6.00 

6.45 

7.14 

8.23 

10.20 

16 

49.04 

4.90 

5.60 

6.35 

7.30 

8.40 

9.73 

11.40 

25 

49.10 

4.67 

4.89 

5.21 

5.80 

6.70 

7.91 

9.38 

20 

50.13 

6.00 

6.40 

7.35 

8.70 

10.50 

17 

51.18 

5.18 

5.92 

6.82 

7.85 

9.08 

10.52 

12 

51.80 

4.85 

5.38 

6.00 

6.72 

7.65 

8.78 

10.30 

24 

51.83 

4.80 

5.12 

5.51 

6.10 

6.93 

8.30 

10.00 

11 

."4.96 

5.40 

5.75 

6.20 

6.81 

7.60 

8.70 

10.25 

28 

55 .  10 

6.00 

6.76 

7.76 

9.05 

14 

55.13 

6.50 

6.95 

7.55 

8.33 

9.31 

10.60 

IS 

55.90 

5.96 

6.68 

7.56 

8.60 

9.85 

19 

63.49 

4.52 

5.30 

5.94 

7.10 

8.30 

9.70 

In 

65. 29 

4.51 

5.30 

6.20 

7.22 

8.48 

9.94 

11.75 

15 

66.10 

3.46 

4.17 

4.98 

5.87 

6.94 

8.22 

9.77 

23 

68.63 

4.84 

5.02 

5.30 

5.74 

6.45 

7.62 

9.50 

22 

68.66 

4.90 

5.20 

5.64 

6.38 

7.45 

8.94 

26 

70.83 

4.00 

4.32 

4.70 

5.20 

5.88 

6.71 

7.87 

27 

71.10 

5.08 

5.32 

5.62 

6.00 

6.50 

7.32 

8.60 

Although  there  is  considerable  variation  among  the  points,  they 
indicate  clearly  a  decrease  in  the  resistance  as  the  car  weight  increases. 
The  rate  of  this  decrease  is  shown  by  the  curves  drawn  to  represent 
the  points  on  the  individual  plots  of  Fig.  7.  These  curves  have  been 
drawn  by  the  same  method  as  the  curves  of  Figs.  1  to  5  inclusive. 

The  seven  curves  from  the  individual  plots  of  Fig.  7  have  been 
brought  together  in  Fig.  8,  which  shows,  therefore,  the  average  rela- 
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tion  between  resistance  and  ge  ear  weighl    for  • 

different  speeds.    Fig.  8  shows  in  graphical  form  tl 
whole  research. 

AVEKA'.I.     DlVIM  Mm     ,,n      M  ur 

THE  (  i  p  S  OF    1; 


Mil's  j*-r  Hour 

Speed  
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50 

•0 

70 

Points  above  1 

8.7 

86 

7    1 
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Points  below  the  1 

15.     'lh'    ResulU   /..••<       i     Resist  -  I 

8,  however,  presents  the  relations  in  unusual  form.    Ordinarily  tr 
resistance  is  expressed  •  equation  which  Na- 

tion between  resistance  and  speed  instead  ition  between  re 

sistance  ami  car  weighl  as  in  this  figure.    Obvious!; 
will  not  sufti-  iltsofl  qperiments  in  1 

form,  since  the  influence  of  car  weighl  cannot  thereby  be 
A  number  of  curves  will  be  required  for  this  purpose,  each  of  which 
will  apply  only  to  a  particuL 

such  a  group  of  resistance  B] I  curves  which  ha. 

directly  from  the  li  '.  8,  and  Pig.  !»  show  Af- 

ferent form,  only  such  information  as  is  obtainable  from  Fi^.  8. 

The  relation  between  the  ti  will  be  mi 

plaining  the  derivation  of  the  curve  in  Pig.  '-1  applvii  age 

car  weighl  of  40  tons,     in  Pig.  8  the  ordinal  respond 

average  car  weight  of  \0  tons  cuts  the         i  lines  there  drawn  at  seven 

point-,  at   which  the  mean  ''.8, 

11.2,  and  12.7  pounds  per  toi  ipond 

40,  50,  GO  and  To  miles  per  hour  respectively.     i  slues  a 

coordinate  even  points  on  a  resi  ipplyin 

car  weighl   of    1")  tons.      Tl  have  ; 

9  and  define  there  the  curve  for  i"  tons.    The  curves  I 

60,   and   75   tons   a\  weight    per   car    I  d    in    I 

manner.    The  curves  of  Pig.  9  reproduce  quit 
sented  in  Pig.  8  ami  present  the  final 
additional  em  and  70 

were  included  in  the  original  diagram  I 
to  avoid  confusion. 
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the  values  of  e  defined  bj  I 

been  tabulated  in  Table  8  which  jivei  tin- 
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Table  3 

Values  of  Resistance  at  Various  Speeds  and  for  Various  Average 

Car  Weights 


The  values  are  derived  d 

irectly  from  the  curves  of  Fig.  9  and  present  the  final  results  of  the  tests 

Train  Resistance— 

-Pounds 

per  Ton 

Speed 

Speed 

Miles    j 

Miles 

per 

Column  Headings  Indicate  the  Average  Weights  per  Car- 

-Tons 

per 

Hour 

Hour 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

5 

7.4 

6.6 

6.0 

5.4 

5.0 

4.8 

4.6 

4.4 

4.3 

4.1 

5 

6 

7.5 

6.7 

6.0 

5.5 

5.0 

4.8 

4.6 

4.4 

4.3 

4.2 

6 

7 

7.6 

6.8 

6.1 

5.5 

5.1 

4.8 

4.7 

4.5 

4.3 

4.2 

7 

8 

7.7 

6.8 

6.2 

5.6 

5.1 

4.9 

4.7 

4.5 

4.4 

4.2 

8 

9 

7.8 

6.9 

6.2 

5.6 

5.2 

4.9 

4.8 

4.6 

4.4 

4.3 

9 

10 

7.9 

7.0 

6.3 

5.7 

5.2 

5.0 

4.8 

4.6 

4.4 

4.3 

10 

11 

8.0 

7.1 

6.4 

5.8 

5.2 

5.0 

4.8 

4.7 

4.5 

4.3 

11 

12 

8.1 

7.1 

6.4 

5.8 

5.3 

5.0 

4.9 

4.7 

4.5 

4.4 

12 

13 

8.2 

7.2 

6.5 

5.9 

5.3 

5.1 

4.9 

4.7 

4.5 

4.4 

13 

14 

8.3 

7.3 

6.5 

5.9 

5.4 

5.1 

5.0 

4.8 

4.6 

4.4 

14 

15 

8.4 

7.4 

6.6 

6.0 

5.4 

5.2 

5.0 

4.8 

4.6 

4.5 

15 

16 

8.5 

7.5 

6.7 

6.0 

5.5 

5.2 

5.0 

4.9 

4.7 

4.5 

16 

17 

8.6 

7.6 

6.7 

6.1 

5.5 

5.3 

5.1 

4.9 

4.7 

•    4.5 

17 

18 

8.7 

7.7 

6.8 

6.1 

5.6 

5.3 

5.1 

5.0 

4.8 

4.6 

18 

19 

8.8 

7.7 

6.9 

6.2 

5.7 

5.4 

5.2 

5.0 

4.8 

4.6 

19 

20 

9.0 

7.8 

7.0 

6.3 

5.7 

5.4 

5.2 

5.0 

4.9 

4.7 

20 

21 

9.1 

7.9 

7.0 

6.3 

5.8 

5.5 

5.3 

5.1 

4.9 

4.7 

21 

22 

9.2 

8.0 

7.1 

6.4 

5.8 

5.5 

5.3 

5.1 

5.0 

4.8 

22 

23 

9.3 

8.1 

7.2 

6.4 

5.9 

5.6 

5.4 

5.2 

5.0 

4.8 

23 

24 

9.4 

8.2 

7.2 

6.5 

5.9 

5.6 

5.4 

5.2 

5.0 

4.9 

24 

25 

9.5 

8.3 

7.3 

6.6 

6.0 

5.7 

5.5 

5.3 

5.1 

4.9 

25 

26 

9.6 

8.4 

7.4 

6.6 

6.1 

5.7 

5.6 

5.4 

5.1 

5.0 

26 

27 

9.8 

8.5 

7.5 

6.7 

6.1 

5.8 

5.6 

5.4 

5.2 

5.0 

27 

28 

9.9 

8.6 

7.5 

6.8 

6.2 

5.9 

5.7 

5.5 

5.2 

5.1 

28 

29 

10.0 

8.7 

7.6 

6.8 

6.2 

5.9 

5.7 

5.5 

5.3 

5.1 

29 

30 

10.1 

8.8 

7.7 

6.9 

6.3 

6.0 

5.8 

5.6 

5.4 

5.2 

30 

31 

10.3 

8.9 

7.8 

7.0 

6.4 

6.0 

5.8 

5.6 

5.4 

5.2 

31 

32 

10.4 

9.0 

7.9 

7.1 

6.4 

6.1 

5.9 

5.7 

5.5 

5.3 

32 

33 

10.5 

9.1 

8.0 

7.1 

6.5 

6.2 

6.0 

5.8 

5.5 

5.4 

33 

34 

10.7 

9.2 

8.0 

7.2 

6.6 

6.2 

6.0 

5.8 

5.6 

5.4 

34 

35 

10.8 

9.3 

8.1 

7.3 

6.7 

6.3 

6.1 

5.9 

5.7 

5.5 

35 

36 

10.9 

9.4 

8.2 

7.4 

6.7 

6.4 

6.2 

6.0 

5.7 

5.5 

36 

37 

11.1 

9.5 

8.3 

7.4 

6.8 

6.5 

6.2 

6.0 

5.8 

5.6 

37 

38 

11.2 

9.6 

8.4 

7.5 

6.9 

6.5 

6.3 

6.1 

5.9 

5.7 

38 

39 

11.4 

9.8 

8.5 

7.6 

7.0 

6.6 

6.4 

6.2 

5.9 

5.7 

39 

40 

11.5 

9.9 

8.6 

7.7 

7.0 

6.7 

6.4 

6.2 

6.0 

5.8 

40 

41 

11.7 

10.0 

8.7 

7.8 

7.1 

6.8 

6.5 

6.3 

6.1 

5.9 

41 

42 

11.8 

10.1 

8.8 

7.9 

7.2 

6.9 

6.6 

6.4 

6.2 

6.0 

42 

12.0 

10.3 

9.0 

8.0 

7.3 

6.9 

6.7 

6.5 

6.3 

6.0 

43 

44 

12.2 
!    12.3 

10.4 

9.1 

8.1 

7.4 

7.0 

6.8 

6.6 

6.4 

6.1 

44 

10.5 

9.2 

8.2 

7.5 

7.1 

6.9 

6.7 

6.4 

6.2 

45 

46 

12.5 

10.7 

9.3 

8.3 

7.6 

7.2 

7.0 

6.8 

6.5 

6.3 

46 

47 

12.6 

10.8 

9.4 

8.4 

7.7 

7.3 

7.1 

6.9 

6.6 

6.4 

47 

12.8 

11.0 

9.6 

8.5 

7.8 

7.4 

7.2 

7.0 

6.7 

6.5 

48 

40 

13.0 

11.1 

9.7 

8.6 

7.9 

7.5 

7.3 

7.1 

6.8 

6.6 

49 

13.1 

11.2 

9.8 

8.8 

8.0 

7.6 

7.4 

7.2 

7.0 

6.7 

50 

51 

13.3 

11.4 

9.9 

8.9 

8.1 

7.7 

7.5 

7.3 

7.1 

6.8 

51 

11.6 

10.1 

8.0 

8.2 

7.8 

7.6 

7.4 

7.2 

6.9 

52 

13.7 

11.7 

10.2 

9.1 

8.4 

7.9 

7.7 

7.5 

7.3 

7.0 

53 

13.8 

11.8 

10.3 

9.2 

8.5 

8.1 

7.8 

7.6 

7.4 

7.1 

54 

14.0 

12.0 

10.5 

9.4 

8.6 

8.2 

8.0 

7.7 

7.5 

7.2 

55 

Train  Resist 

Speed 

M.  ■ 

Colunui  Headings  1                                                                        Too* 

ll    ■ 

30 

35 

40 

... 

|| 

56 

14.2 

12.1 

10.6 

9.5 

8.7 

8.3 

8.1 

7.8 

7  6 

7  3 

57 

11    } 

12.3 

10.8 

8.2 

7    7 

58 

12.5 

10.9 

9.8 

8  6 

:.^ 

59 

12.6 

111 

9.9 

8.4 

8  2 

SO 

60 

15.0 

12.8 

11   _' 

9  2 

8.8 

8.6 

8.1 

7  8 

n 

61 

15  1 

12.9 

11.3 

10.2 

9.4 

8.9 

8.7 

8  2 

7  9 

62 

15  3 

1!     1 

11  6 

M    i 

9  5 

9.1 

8.8 

62 

63 

1"    5 

11    7 

in  7. 

9  2 

9.0 

H 

M 

10   7 

11.8 

in  8 

9.8 

9.3 

8.8 

8  6 

8.3 

» 

65 

15.9 

13.6 

8  9 

8  4 

66 

66 

16.1 

13.8 

12.1 

10  9 

10  0 

9  6 

93 

9   1 

88 

u 

17 

16.3 

13.9 

11  0 

lu  _• 

9.7 

9  4 

9  2 

68 

16.5 

11    1 

11    1 

io  a 

9  9 

9  6 

8.8 

».■» 

69 

16.7 

12  6 

in  6 

9.7 

9  5 

9  0 

.'. 

70 

16.9 

12.7 

11    I 

10   1 

9.9 

9  1 

70 

71 

17.1 

14.6 

12.8 

11.6 

10.7 

10  3 

10  0 

9.7 

9  5 

9  2 

71 

72 

17.3 

14.8 

117 

10  9 

l«i  4 

10   1 

9.9 

9  6 

9  4 

71 

17  B 

i.;  l 

11  9 

11   o 

71 

17   7 

16  1 

11    2 

M   •» 

9  9 

75 

17.9 

13  5 

U  l 

9  8 

between  5  and  7.")  miles  per  hour  and  for  ear  \ 
to  75  tons.     Table  3  also  includ  mlinal 

curves  corresponding  7  od  701 

Fig.  10. 

17.    Final  Results.    The  final  results  of  the  research 

sented  in  the  two  forms  just  stated,  nan  •        1 
which  the  resistance  of  ordinary   passenger  trail 

with  reasonable  accuracy.    It  should  be  borne  bo  mind,  I 
these  results  are  applicable  to  trains  running  at  uniform  sp* 
level  tangent  track  of  good  construction!  during  w< 

temperature  is  UOt  lower  than   1"  ■!• 
city  does  not  i  m.  p.  h.# 

It  is  rignificanl  that  s  considerable  uuml  sts 

developed 

resistance  which  irould  be  predicted  l»\  th««  u^.-  •  •  I  It 

should  be  understood  that  this  alloi 

able  variations  in  t !  •  Dfl  under  i 

•Twentj  fiv.  :  ortcd    w*r«   m«di      |  vvlcocit?    did    Mt 

'    m.    p.    h.       I  nf    ool;    oo» 

test  did  it  exceed  30  m.  j».  h. 


34 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


erating  conditions.  This  allowance  in  no  way  takes  the  place  of  that 
additional  reserve  which  must  be  allowed  to  cover  unusual  variations 
in  resistance  due  to  low  temperatures,  or  high  winds  or  of  that  reserve 
in  tractive  effort  of  the  locomotive  necessitated  by  operating  condi- 
tions which  reduce  the  efficiency  of  the  locomotive  itself. 
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Fig.  10.    Comparative  Curves  Showing  the  Relation  between  Train 
Resistance  and  Speed  for  Train  Composed  of  Eight  40-ton  Cars 

18.  Comparison  with  Other  Experiments. — For  purposes  of  com- 
parison with  the  results  of  other  investigations  the  following  formulas 
are  given,  together  with  Figs.  10  and  11.  The  curves  in  Fig.  10  have 
been  calculated  for  a  train  composed  of  eight  40-ton  cars  while  those 
of  Fig.  11  have  been  calculated  for  a  train  of  ten  60-ton  cars. 


A        ,         *          D     50  ,   nAorro  ,  0.002  a  £2[V    ,  n-V 
Armstrong*  R=^  +  0.035S  H ^ |  1  +  -jg- 


[*+*] 


Bloodf  R  =  S  +  0.12S  +  f*0.0014  +  ^~|>S 


1.8 


♦"Standard  Handbook  for  Electrical  Engineers,"   Section  13,   p.  947,   1910. 
tProc.  Amer.   Soc.   Much.   Eng.,  Vol.  24,  p.   945,   1903. 
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APPENDIX 

Typical  Tables  of  Results  of  the  Individual  Tests 

In  this  appendix  three  tables  are  given,  each  of  which  shows  the 
principal  results  of  the  calculations  for  one  test.  The  tests  have  been 
chosen  so  that  each  one  is  fairly  representative  of  all  the  tests  made 
with  a  particular  class  of  train.  Table  4,  for  example,  is  typical  of  the 
results  obtained  with  train  No.  24,  Table  5  representative  of  the  tests 
with  train  No.  5,  and  Table  6  representative  of  the  tests  with  train 
No.  2.  The  final  values  of  net  resistance  on  tangent,  level  track,  at 
uniform  speed  are  given  in  column  12,  and  the  corresponding  values 
of  speed  in  column  11.  These  two  columns  give  the  coordinates  of  the 
points  plotted  on  the  individual  diagrams  of  Figs.  1  to  5,  inclusive. 

It  has  been  customary  in  bulletins  of  the  Engineering  Experi- 
ment Station  of  this  nature  to  present  complete  tables  of  data  for  all 
the  tests.  This  practice  has  been  maintained  largely  for  the  purpose 
of  showing  the  range  of  conditions  such  as  wind  velocity  and  direc- 
tion, acceleration,  grade  and  length  of  sections.  It  has  also  served  to 
show  the  division  of  the  gross  train  resistance  into  such  items  as  accel- 
eration, grade,  and  net  resistance.  In  view  of  the  fact  that  these  data 
have  been  given  so  fully  in  previous  publications  and  since  the  rela- 
tion between  the  various  items  is  not  materially  different  in  this  case, 
it  is  thought  that  the  presentation  of  typical  tables  of  data  is  suffi- 
cient. 
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Bulletin   No.  1.    Teats  of  Reinf. 

Circular  No.  1.    High-Speed  Tool  Steels,  by  \.    V.  |  Ip*.     1905.     Son* 

Bulletin  No.  g     Tests  of  High-Speed  Tool  Sleek  .jr.  Cast  I  i-,  ^  Hear. 

B    Dirks.      190.*.      .\  one    i  ' 

Circular    No.   g     Drainage  of  Earth  Roads,  by  Ira  O.  Bakt-r       1906.      None  amtUabU. 

Circular   No.  '  VemU  msd9  b     ^  Ta«haosaekal 

Branch  oi  G.  S..  at  1 

and  Paul  Diserens.      1908.     Thirty  cenU. 

Bulletin  No.  S.   The  El 
Breckenndge.      190»V     A 

Bulletin  No.  4.   Testa  of  Concrete   Beamj.   Serie»  Talbot 

1906       Forty-fire  cent*. 

Bulletin   No.'  f  Tubes  to  Collars  nan  and   I  :906 

None  available. 

Bulletin    No.C.    Holdi:  |  ikes,  by  !  sisilslh. 

Bulletin   No.  7.    Fa  ith  Illinois  Coals,  by  L    P.  Brei  I  Parr,  and  Henry  B. 

Dirks.      1906.     None  available. 

Bui  ftaar;  II.  Boa  i.  1906. 

available. 

Bulletin    No.  0  n  of  the    I  ,n   Applied  to  the 

Engineering   Industries,   by    L    P.    Broekei  i 
1912.      Fifty  cenU. 

Bulletin  No    10.  Tests 
N.  Talbot.      1907.      None  available. 

Bulletin  No.  11.  The  Effect     I  -  »u«h  Loeomotire  Bettor 

Tubes,  by  Edward  C.  It  and  John   M 

Bui  ?.  Tests  of  I:  rim  of  1©*>-  ilbot. 

Noru  n-  ulible. 

Bulletin  No.  tS.    A 
ieotma  end  Building,  by  N.  Cliffoi 

Bulletin   '■  Seriea  of    190«..  dboi, 

1907.  None  availible. 

Bulletin  Nc    U     Bow    to   Burn    Illinois  Coal    «  !'     Hrckearidae.     1908. 

None  available. 

Bulletin  No  >nr  amlabU 

Bulletin  «•*•*. 

1908.  None  a 

Bui:  kreagth  of  -lenou«h  •  1906. 

Forty  cent*. 

Bui  on   and   Tantalum    Filament 

11    Amrii 

Bulletin  No.  SO.  Tests  • 

fTalftafn  fYff  ff   Tirrtr  ><*&-     1W*     F\/um 

rent*. 

Bulletin  No.  gg.  Tests 
1908.     Aron«  a 

Bulletin  No.  g.1.   V  "bed   Blot  1906. 

Fifteen  cent*. 

tin  No    *;.     1 
and  I 

fit. 
Twenty  cent*. 


•A  limitod  num  ■"•  of  bulletin*  starred  i*  avadahle  for  fre*    ! 
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Bulletin  X/>.  26.  High  Steam-Pressure  in  Locomotive  Service.     A  Review  of  a  Report  to  the 
Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1908.     Twenty-five  cents. 

Bulletin  Xo.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Arthur  N.  Talbot 
and  Duff  A.  Abrams.     1909.     Twenty-five  cents. 

Bulletin  No.  98.  A   Test  of  Three   Large   Reinforced  Concrete   Beams,   by   Arthur  N.   Talbot. 
1909.     Fifteen  cents. 

Bulletin  Xo.  29.  Tests  of  Reinforced  Concrete  Beams:     Resistance  to  Web  Stresses,  Series  of 
1907  and  190S,  by  Arthur  N.  Talbot.     1909.     Forty-five  cents. 

*Bulletin  Xo.  SO.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Producers,  by  J.  K.  Cle- 
ment, L.  II.  Adams,  and  C.  N.  Haskins.      1909.      Twenty-five  cents. 

*Bulletin  Xo.  31.  Tests    with    House-Heating    Boilers,    by    J.    M.    Snodgrass.     1909.     Fifty-five 
cents. 

Bulletin  Xo.  32.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.     1909.     Fifteen 
cents. 

Bulletin  Xo.  33.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell.     1909.     Twenty  cents. 

*Bulletin  Xo.  34.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water-Tube  Boiler,  by  J.  M. 
Snodgrass.     1909.     Fifteen  cents. 

Bulletin  Xo.  35.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N.  Clifford 
Ricker.     1909.      Twenty  cents. 

Bulletin  Xo.  36.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J.  K.  Clement 
and  W.  L.  Egy.     1909.     Twenty  cents. 

Bulletin  Xo.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F.  Wheeler. 
1909.     Xone  available. 

Bulletin  Xo.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler.     1909.     Twenty- 
fire  cents. 

*Bulletin  Xo.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.     1909.     Seventy- 
fire  cents. 

Bulletin  Xo.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland.     1910. 
Ten  cents. 

Bulletin  Xo.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.     1910.     Thirty-five  cents. 

*Bulletin  Xo.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Herbert  F.  Moore.     1910. 
Ten  cents. 

Bulletin  Xo   43.  Freight  Train  Resistance,  by  Edward  C.  Schmidt.     1910.     Seventy-five  cents. 

Bulletin  Xo.  44-  An  Investigation   of  Built-up  Columns  under  Load,  by  Arthur  N.  Talbot  and 
Herbert  F.  Moore.     1911.     Thirty-five  cents. 

'Bulletin  Xo.  4-5.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert  L.  Whittemore.     1911. 
Thirty-five  cents. 

*Bulletin  Xo.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kressman. 
1911.      Forty-five  cents. 

'Bulletin  Xo.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson.     1911.    Twen- 
ty-fire cents. 

'Bulletin  Xo.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur  N.  Talbot 
and  Melvin  L.  Enger.      1911.     Forty  cents. 

'Bulletin  Xo.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot  and  Herbert  F.  Moore. 
1911.      Thirty  cents. 

''Bulletin  Xo.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and  A.  P.  Kratz.     1912. 
Fifty  cents. 

Bulletin  Xo.  51.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.     1912.     Thirty-five  cents. 

■tin  Xo.  o2.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert  F.  Moore.     1912. 
Fifteen  cents. 

'Bulletin  Xo.  5.?.   Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner.     1912.     Forty  cents. 

"Bulletin  Xo.  54.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell.     1912.     Twenty  cents. 

'Bulletin  Xo.  55.  Starting  Currents  of  Transformers,  with  Special  Reference  to  Transformers  with 
by  Trygve  D.  Yensen.     1912.     Twenty  cents. 

/f  Columns:     An  Investigation  of  the  Value  of  Concrete  as  Reinforcement 
;  Columns,  by  Arthur  N.  Talbot  and  Arthur  R.  Lord.     1912.     Twenty-five  cents. 

7.  Superheated  Steam  in  Locomotive  Service.     A  Review  of  Publication  No.  127 
titution  of  Washington,  by  W.  F.  M.  Goss.     1912.     Forty  cents. 

!  Dumber  of  copies  of  bulletins  starred  is  available  for  free  distribution 
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*Bulletin  No.  68.  A   New  Analysis  of  the  Cylinder   IVrformance  of   Reciproeatia*  EnaiMe.  br 
J.  Paul  Clayton.     1912.     Sixty  cent*. 

•Bulletin  No.  69.  The  Effect  of  Cold  Weather  upon  Train  Resistance  and 
Edward  C.  Schmidt  and  F.  W.  Marquis.      1'  -Uy  cent*. 

Bulletin  No.  60.  The  Coking  of  Coal  at  Low    .  ires,  with  a  Preliminary  Study  of  tbe 

By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.      1  It*  eenU. 

•Bulletin  No.  61.  Characteristic*  and  Limitation  of  the  Series  Transformer,  by  ieraoa 

and  H.  R.  Woodrow.      1913.      Twenty-fite  eenU. 

Bulletin  No.  62.  The  Electron  Theory  of  Magnetise.  y-At* 

cents. 

Bulletin  No.  6S.  Entropy-Temperature  and  Transmission  Diagran- 
1913.      Twenty-five  cent*. 

*BulUtin  No.  64.  Tests  of  Reinforced  Concrete  Buildings  under  Load.  by  Arthur  N    Talboi  and 
Willis  A.  Slater.      1913.      Fifty  cent*. 

*Bulletin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the  . 
by  J.  Paul  Clayton.      1913.      Forty  cent*. 

Bulletin  No.  66.  The  Properties  of  Saturated  a-  a  ted  Ammonia  Vapor.  I  Jood- 

enough  and  William  Earl  Mosher.      1918.      Fifty  cent*. 

Bulletin  No.  67.   Reinforced  Concrete  Wall  Footings  and  Column  Footings.  I  dbot. 

1913.  Fifty  cent*. 

Bulletin  No.  63.  The  Strength   of   I-Beams  in    I  .enttj 

cent*. 

Bulletin  No.  69.  Coal  Washing  in  Illinois.  a*. 

Bulletin  No.  70.   The  Mortar-Making  Qualities  of  Illinois  Sands,  by  I'uentw 

cent*. 

Bulletin  \o.  71.  Tests  of  Bond  between  C  On* 

dollar. 

*Bulletin  No.  72.   Magnetic  ■  .  rygva 

D.  Yensen.      1914.     Forty  cent*. 

Bulletin  No.  73.   Acoustics  of  Auditoriums.  by  .tson.      1914.      Twenty  a 

•Bulletin  No.  74.   The  Tra<  live  Resist  i  I 

Twenty-five  cent*. 

Bulletin  No.  76.  Thermal  Properties  of  E  > 

Bulletin  No.  76.  The  A:  Coal  with  Phenol  as  a  S  I  idtey. 

1914.  Twenty-five  cent*. 

*Bulletin  No.  77.  The  Effect  rtiea  of  Electrolytic 

Iron  Melted  in  Vacuo,  by  Trygve  D.  Yen*-  >l*. 

•Bulletin  No.  78.  A  Study  of  V.  P.  Krati.  'It*  cent*. 

•But  I  he  Coking  of  Coal  at  I 

erties  and  Composition  of  t:       .  Tteenty  fit* 

Bulletin  *cb  in  the 

L916.      Fifty  cent*. 

•Bulletin  No.  81.   Influence  of  gth  of  Coocr  anial. 

1915.  Fifteen  cent*. 

Bulletin  No.  82.   Labor-  l  Locomotive.  I  -ood- 

grass,  and  R.  B.  Keller. 

•Bulletin  No.  83.    M  •«».  by 

Trygv  '.irty-ftt*  cent*. 

Bulletin  No.  8-1.   Tests  xlbo*  aod 

ty-fit*  cent*. 

•rength    i  \l  Loading  b  ««kar. 

'Xt*. 

.ty  cent*. 

•Bulletin 
and  J 

Bui  i  Coal  at  I  Ibrook. 

Seventy  cent*. 
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*Bulletin  Xo.  89.     Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel.     1916.     Thirty 
cents. 

'Bulletin  Xo.  90.     Some  Graphical   Solutions  of  Electric  Railway  Problems,   by  A.   M.   Buck. 

1916.  Twenty  cents. 

Bulletin  Xo.  91.  Subsidence  Resulting  from  Mining,  by  L.  E.  Young  and  H.  H.  Stoek.  1916. 
Xone  available. 

*Bulletin  Xo.  99.     The  Tractive  Resistance  on  Curves  of  a  28-Ton  Electric  Car,  by  E.  C.  Schmidt 
and  H.  H.  Dunn.     1916.     Twenty-five  cents. 

*Bulletin  Xo.  93.     A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper,  and  Nickel,  by 

D.  F.  McFarland  and  O.  E.  Harder.     1916.     Thirty  cents. 

*Bulletin  Xo.  94.     The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel,  by  S.  W.  Parr. 

1917.  Thirty  cents. 

'Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys  Melted  in  Vacuo,  by 
T.  D.  Yensen  and  W.  A.  Gat-ward.     1917.     Twenty-five  cents. 

*Bulletin  Xo.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through  a  Submerged  Short 
Pipe,  by  Fred  B  Seely,     1917.     Twenty-five  cents. 

*Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W.  Parr.  1917.  Twenty 
cents. 

*Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by  Herbert  F.  Moore. 
1917.      Ten  cents. 

Circular  No.  4.  The  Economical  Purchase  and  Use  of  Coal  for  Heating  Homes,  with  Special 
Reference  to  Conditions  in  Illinois.     1917.     Ten  cents. 

^Bulletin  No.  99.     The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.     1917.     Twenty  cents. 

*Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminous  Coal,  by  E.  A. 
Holbrook.     1917.     Twenty  cents. 

*Bulletin  XTo.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference  to  Illinois 
Conditions,  by  C.  M.  Young.     1917. 

*Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mikado  Locomotive,  by 

E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.     1917.     Fifty  cents. 

*Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials,  by  A.  C.  Willard 
and  L.  C.  Lichty.     1917.     Twenty-five  cents. 

*Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W.  P.  Lukens.  1917. 
Sixty  cents. 

*Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel  Structures  by 
W.  M.  Wilson  and  H.  F.  Moore.     1917.     Twenty-five  cents. 

Circular  No.  6.      The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.     1918.     Forty  cents. 

Circular  No.  7.  Fuel  Economy  in  the  Operation  of  Hand  Fired  Power  Plants.  1918.  Twenty 
cents. 

*BulletinNo.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles,  and  Orifice 
Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming  and  Melvin  L.  Enger.  1918. 
Thirty-five  cents. 

* Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union  Building,  by 
Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.     1918.     Twenty  cents. 

Circular  No.  8.      The  Economical  Use  of  Coal  in  Railway  Locomotives.     1918.     Twenty  cents. 

*BuXletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Concrete  Frames,  by 
MikishiAbe.     1918.     Fifty  cents. 

*Bulletin  No.  108  Analysis  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection  Method, 
by  W.  M.  Wilson,  F.  E.  Richart  and  Carnillo  Weiss.     1918.    One  dollar. 

'Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water  through  a  Pipe,  by 
H.  H.  Jordan  and  R.  E.  Davis.    1918. 

'Bulletin  No.  110.    Passenger  Train  Resistance,  by  E.  C.    Schmidt  and  H.  H.  Dunn.      1918. 
Uy  cent*. 


*A  limited  number  of  copies  of  bulletins  starred  is  available  for  free  distribution. 
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